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GENERAL INTRODUCTION 
Glucoamylase (a-l,4-glucan glucohydrolase, EC 3.2.1.3) is a typical 
exo-glucanase in its production of D-glucose from the nonreducing ends of 
amylose, amylopectin, and maltooligosaccharide molecules with inversion of 
configuration of the anomeric carbon (1). It is an important industrial 
enzyme used in the hydrolysis of liquefied starch to syrups of high glucose 
concentration. Although glucoamylase is capable of hydrolyzing a-1,6- as 
well as a-l,4-glucosidic linkages (2), glucose yields higher than 95% of 
theoretical are not achieved in concentrated starch solutions because of 
the occurrence of glucose condensation reactions, commonly called reversion 
reactions (3). Formation of reversion product, mainly di- and tri-
saccharides, was often attributed to the catalytic action of transgluco-
sylase contamination present in the glucoamylase preparations. However, 
a number of studies published in the last twenty years indicate that 
glucoamylase itself is capable of synthesizing various a-linked di- and 
trisaccharides in concentrated glucose solutions (4-10), The reported 
reversion products include isomaltose (6-0-a-D-glucopyranosyl-D-glucose), 
maltose (4-0-a-D-glucopyranosyl-D-glucose), nigerose (3-0-a-D-gluco-
pyranosyl-D-glucose), kojibiose (2-0-a-D-glucopyranosyl-D-glucose), 
a,3-trehalose (a-O-D-glucopyranosyl-3-D-glucopyranoside), isomaltotriose 
2 2 (6 -0-ct-D-glucopyranosyl-D-isomaltose), panose (6 -0-a-D-glucopyranosyl-D-
2 
maltose), isopanose (4 -0-a-D-glucopyranosyl-D-isomaltose), and maltotriose 
2 (4 -O-cx-D-glucopyranosyl-D-maltose). Two disaccharides, a,3-trehalose and 
kojibiose, were observed for the first time in our previous work (10). 
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Recently research Interest has been directed towards the kinetics and 
modeling of reversion reactions (9, 11-13). The common features of these 
studies are that maltose and isomaltose were the only condensation 
products detected and modeled, except for Beschkov et al. (11) who also 
included maltotriose, and that high performance liquid chromatography 
(HPLC) was used as an analytical method. 
Critical examination of the literature data shows significant dis­
agreement in the number and the type of reversion products formed. Some 
of the discrepancies may be caused by differences in experimental condi­
tions, like pH, temperature, and initial substrate concentration, or use 
of glucoamylase preparations with a different degree of purity and from a 
different origin. In addition, the applied chromatographic methods were 
probably not efficient enough to separate and identify all reaction 
products. 
Although evidence exists that glucoamylase is capable of synthesizing 
a-glucosidic bonds other than a-1,4 and a-1,6, fundamental understanding 
of condensation reactions is still lacking. The objectives of the kinetic 
studies (Section IV) were to examine the effect of reaction conditions on 
the rates and equilibria of reversion reactions as well as to compare the 
catalytic activities of A. niger glucoamylase forms. Attention has been 
focused on testing the validity and generality of the derived model which 
describes the simultaneous formation of reversion products. 
Explanation of Dissertation Format 
The dissertation contains four sections written in a form suitable for 
publication. The first three sections, which deal with HPLC of 
3 
carbohydrates, have already been published in the Journal of Chromatography 
(14-16), The last section presents the work on glucose reversion reac­
tions. The purification procedure of glucoamylase forms is described in 
the Appendix. Each section, as well as the General Introduction and 
Appendix, contains a list of references cited within. 
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SECTION I. HIGH-PERFORMANCE LIQUID CHROMATOGRAPHY OF 
DISACCHARIDES ON AMINE-BONDED SILICA COLUMNS 
6 
SUI'IMARY 
Twenty different dlsaccharides—cellobiose, gentiobiose, Isoraaltose, 
kojlblose, lactose, lactulose, lamlnarlblose, leucrose, maltose, maltulose, 
melibiose, nlgerose, palatinose, sophorose, sucrose, a,a-trehalose, 
a,g-trehalose, B,B-trehalose, turanose, and xylobiose—were subjected to 
HPLC on prepacked amine-bonded silica columns, using acetonltrile-water 
eluents. Glucopyranosyl-glucoses had increasing retention times in the 
order of linkage (1^3), (l->-4), (l->2) and (l->-l), and (l->-6). Replacement of 
one of the glucosyl residues by galactose led to longer retention times, 
while substitution by a fructosyl residue yielded shorter ones. Forced 
assumption of the furanose ring form by the fructosyl residue, as in 
sucrose and palatinose, gave greatly reduced retentions. 
7 
INTRODUCTION 
The need for rapid quantitative analysis of carbohydrate mixtures has 
led to use of gas and high-performance liquid chromatography in place of 
paper and thin-layer chromatography and low-pressure liquid chromatographic 
columns. Gas chromatography of derivatized carbohydrates is an accurate 
and sensitive method, but sample preparation and derivatization are time-
consuming. 
Nonderivatized carbohydrates have been analyzed by HPLC chiefly with 
columns containing one of three materials a strong-acid ion exchanger on 
2+ + 
a polystyrene-divinylbenzene matrix with Ca or Ag counter-ions (1, 2), 
an octadecyl moiety chemically attached to silica (3), and an amino moiety 
linked chemically or physically to silica. Ion exchangers can separate 
some monosaccharides from each other, but are more suited for separation 
of carbohydrates of different numbers of monosaccharide residues. Octa­
decyl columns are better at separating trisaccharides and longer chains. 
Amino columns, on the other hand, have the ability to separate carbohy­
drates of either the same or differing molecular weight. 
Since their first use for carbohydrate analysis by Linden and Lawhead 
(4) and by Palmer (5), amino columns have been employed for the separation 
of many sugars (6). However, much of the published research has dealt 
primarily with monosaccharides or sugar alcohols; work on oligosaccharides 
has been limited mainly to lactose, sucrose, raffinose, and members of the 
maltooligosaccharide series. Only a few papers have deviated from this 
pattern in their treatment of the analysis of underivatized oligo­
saccharides with an amino column (4, 7). As yet there has been no 
8 
Investigation into where a sufficiently large number of oligosaccharides 
of the same chain length have been separated to discern fully the influence 
of type of linkage, ring structure, and sugar residue on the retention. 
For that reason, we studied in this work the separation of twenty 
disaccharides, using two commercially prepacked aminopropyl-bonded silica 
columns with various compositions of acetonitrile-water eluent. These 
disaccharides contain all possible glycosidic bonds linking a gluco-
pyranosyl unit to another glycosyl residue; in addition, a number of 
disaccharides containing fructosyl, galactosyl, and xylosyl residues were 
tested. 
9 
EXPERIMENTAL 
Apparatus 
The chromatographic apparatus consisted of a Waters (Milford, MA) 
Model 6000Â solvent delivery system, a Model U6K injector, and a Model 
R401 refractive index detector. The detector output was recorded on an 
Omniscribe (Houston Instruments, Austin, TX) recorder and Varian 
(Palo Alto, CA) CDSlllC integrator. The two aminopropyl-bonded silica 
columns employed in this work were a Du Pont (Wilmington, DE) Zorbax-NHg 
(column T 2535) and a Supelco (Beliefonte, PA) Supelcosil LC-NH^ (column 
91,164), both 250 mm long and 4.6 mm i.d. Some of the column packing 
properties are summarized in Table 1. Each column had about 7000 plates 
measured with sucrose at a flow rate of 1 ml/min of 75% (v/v) aqueous 
acetonitrile. A Bio-Rad (Richmond, CA) Bio-Sil NH^ precolumn, 40 mm long 
and 4.6 mm i.d., was used with both columns. 
Materials 
Solvent mixtures were prepared with Fisher (Pittsburgh, PA) HPLC 
grade acetonitrile and distilled water purified with Barnstead (Boston, MA) 
Nanopure II System. 
Seventeen disaccharides—6-cellobiose, g-gentiobiose, isomaltose, 
a-kojibiose, a-lactose, lactulose, laminaribiose, maltose, maltulose, 
a-melibiose, nigerose, palatinose, a-sophorose, sucrose, a,a-trehalose, 
turanose, and xylobiose—were obtained as described previously (8). 
Leucrose was donated by Professor John F. Robyt of Iowa State University, 
ot,g-trehalose by Dr. Fred W. Parrish of the Southern Regional Research 
Center, and g,g-trehalose by Dr. Riaz Khan of Tate & Lyle. 
10 
Table 1. Characteristic column packing properties' 
Property Zorbax-NH. Supelcosil LC-NH„ 
Particle shape 
Average particle size 
(ym) 
Specific surface area 
(m^/g) 
Pore diameter of 
parent silica (nm) 
Aminopropyl surface 
2 
concentration (pmole/m ) 
spherical 
300-350 
6-7 
~3.6 
spherical 
5 
160-180 
9-13 
~2.8  
Information obtained from the suppliers. 
Chromatographic Conditions and Measurements 
All separations were carried out at 23 ± 1° with a flow rate of 
1.0 ml/min. Acetonitrile-water mixtures, prepared daily, were filtered 
and degassed before use. Samples were 1% disaccharide in water, and lO-yl 
portions were usually injected. 
Capacity factor values [k' = (t„ - t )/t ] were calculated from K 0 0 
retention time (t ) and column dead time values (t ). Values of t were K O O 
determined from the retention time of the water peak. Resolutions between 
adjacent peaks were calculated with the equation 
[Rg = 2(tg2 - (""^1 + Wg)], where Wj^ and w^ are baseline peak widths. 
11 
RESULTS AND DISCUSSION 
Capacity factor and resolution values of disaccharldes analyzed on 
Supelcosil LC-NHg and Zorbax-NH^ columns are presented in Table 2. 
Disaccharides were best separated by the Supelcosil LC-NH^ column using 
between 75% and 80% (v/v) aqueous acetonitrile, with 80% acetonitrile 
being optimal. Similarly, the best composition range for the separation 
of disaccharides by the Zorbax-NH^ column was between 72% and 77% (v/v), 
with the optimal resolution values being obtained at 77% (v/v) acetonitrile 
in water. In general, increasing the percentage of acetonitrile in the 
mobile phase led to better resolution, but at the cost of extended elution 
times. However, increasing the acetonitrile concentration above the upper 
limit of the optimal eluent composition range for the specific column 
caused significant increase in peak width and peak tailing, resulting in 
negligible improvement of resolution. 
Resolution values of disaccharides given in Table 2 indicate no 
appreciable difference in separation efficiencies between Supelcosil LC-NHg 
and Zorbax-NHg columns. The higher aminopropyl concentration of the Zorbax 
packing (Table 1) resulted in higher k'-values and a better resolution of 
disaccharides than those obtained on the Supelcosil LC-NHg column at the 
same eluent composition. On the other hand, almost comparable resolution 
values in much lower retention times could be obtained with the Supelcosil 
LC-NHg column by using higher acetonitrile concentrations. 
Although capacity factors were a function of the mobile phase composi­
tion and the column used, elution order was not appreciably affected by 
either. Elution order of disaccharides with the same glycosidic bond was 
Table 2. Capacity factor (k') and resolution (R^) values for disaccharldes 
chromatographed on Supelcosil LC-NHg and Zorbax-NHg columns with 
aqueous acetonitrile 
Disaccharide 
Xylobiose [0-g-D-xylopyranosyl-(l->-4)-D-xylose] 
Sucrose [0-a-D-glucopyranosyl-(l+2)-g-D-fructofuranoside] 
Turanose [O-a-D-glucopyranosyl-(l->3)-D-fructose] 
Palatinose [O-a-D-glucopyranosyl-(l-»-6)-D-fructose] 
Maltulose [O-a-D-glucopyranosyl-(l-»-4)-D-fructose] 
Leucrose [O-a-D-glucopyranosyl-(1^5)-D-fructose] 
Lamlnaribiose [0-3-D-glucopyranosyl- (l-»-3)-D-glucose] 
Nigerose [O-a-D-glucopyranosyl- (l-»-3)-D-glucose] 
Cellobiose [0-S-D-glucopyranosyl-(l->4)-D-glucose] 
Maltose [O-a-D-glucopyranosyl-(l»4)-D-glucose] 
Sophorose [0-0-D-glucopyranosyl-(l->2)-D-glucose] 
a,3-Trehalose [O-a-D-glucopyranosyl-(1->1)-3-D-glucopyranoside] 
Kojibiose [O-a-D-glucopyranosyl-(l->2)-D-glucose] 
 ,a-Trehalose [O-a-D-glucopyranosyl-(l->-l)-a-D-glucopyranoslde] 
 ,3-Trehalose [0-3-D-glucopyranosyl-(l+l)-3-D-glucopyranoside] 
Isomaltose [O-a-D-glucopyranosyl- (l->-6)-D-glucose] 
Gentlobiose [O-3-D-glucopyranosyl- (l->-6)-D-glucose] 
Lactulose [0-3-D-galactopyranosyl-(l->-4)-D-fructose] 
Lactose [0-3-D-galactopyranosyl- (l->4)-D-glucose] 
Melibiose [0-a-D-galactopyranosyl-(l+6)-D-gluco6e] 
13 
Supelcosil LC-NHg Zorbax-NHg 
Acetonitrile (% v/v) Acetonitrile (% v/v) 
75 80 72 77 
k' R 
s 
k' R 
s 
k' R 
s 
k' R 
s 
1.00 1.36 1.80 2.32 
1.41 0.9 2.22 1.4 2.41 1.2 3.49 1.3 
1.53 0.1 2.47 0.2 2.65 0.1 
3.80 0.4 
1.54 0.7 2.50 0.9 2.67 0.6 3.89 0.8 
1.63 0.4 2.65 0.6 2.81 0.1 4.09 0.4 
1.68 2.76 2.83 4.20 
1.46 0.9 2.41 1.3 2.61 1.0 3.77 1.5 
1.66 0.1 2.77 0.0 2.93 0.1 
4.31 0.2 
1.68 0.0 2.77 0.1 2.96 0.1 4.36 0.1 
1.68 0.2 2.80 0.3 
2.98 
0.3 
4.38 0.4 
1.72 0.2 2.92 0.3 3.05 0.4 
4.50 0.5 
1.76 0.4 2.98 0,6 3.12 0.3 
4.61 0.9 
1.83 0.2 3.14 0.3 3.19 0.1 4.85 0.2 
1.86 0.6 3.22 1.1 3.21 0.7 
4.91 1.1 
1.95 0.3 3.42 0.4 3.34 0.7 
5.16 0.8 
2.00 0.3 3.51 0.4 3.50 0.5 
5.39 0.7 
2.07 3.64 3.65 5.65 
1.82 3.03 3.09 4.63 
1.96 1.6 3.31 2.3 3.48 1.3 5.22 2.4 
2.25 3.94 3.87 6.02 
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governed by the Identity of the monosaccharide units that constituted the 
disaccharide molecule. When a glucosyl residue made up one part of the 
molecule, retention time varied with the other constituent in the order 
fructose < glucose < galactose, as observed with the individual mono­
saccharides (5, 9). Accordingly, elution order was turanose < nigerose, 
maltulose < maltose, cellobiose < lactose, and palatinose < isomaltose 
< melibiose. 
The order of elution among the glucopyranosyl-glucoses is striking: 
first the (l->3)-linked disaccharides, then those bonded (l->-4), then a 
mixture of those linked (l->2) and (l-*-l), and finally the (l+6)-bonded 
compounds, the only ones linked through a primary hydroxyl group. These 
findings hold for the only two galactopyranosyl-glucoses tested, with 
lactose eluting before melibiose. However, extrapolation to the 
glucopyranosyl-fructoses falls because of the forced assumption of the 
furanosyl ring form by the fructosyl residues in sucrose and palatinose, 
which leads to low retention times in amino columns (10). This causes 
earlier-than-expected elution of these two compounds within the 
glucopyranosyl-fructose group, whose other three members have fructose 
residues partially (turanose and maltulose) or almost completely (leucrose) 
in the pyranosyl form (11). To the extent that the disaccharides tested 
coincide with those of Baust et al. (7) (10 cases), elution order agrees 
with the exception of cellobiose. 
Whether separation of disaccharides on amine-modified silica columns 
is caused by partitioning between the water-enriched stationary phase layer 
and the mobile phase (12, 13) or by adsorption via hydrogen bonding between 
the hydroxyl groups of the carbohydrate molecule and the amino groups of 
the stationary phase (14, 15), the delayed elution of disaccharides linked 
through primary hydroxyl groups appears to be caused by the more easy 
rotation of these compounds about their glycosidic bonds and their 
consequent lower free energy. 
For disaccharides possessing (l->2), (l->3), and (l-»-4) links, those with 
B-bonds eluted before those with a-bonds, as would be expected from the 
results of earlier work with alkyl and aryl monosaccharide derivatives 
(10). This pattern is not upheld by (1->1)- and (l-»6)-linked disaccharides, 
however. This variation in the order of elution leads to more complete 
separation of g-linked glucopyranosylglucoses from each other than of 
a-linked ones (Figures 1 and 2). 
In addition to capacity factors, peak widths of disaccharides vary 
markedly (Table 3). So long as mutarotation rates are high, anomeric forms 
of the same reducing sugar will elute as one peak with a capacity factor 
equal to the sum of the weighted capacity factors of the individual forms 
(16). However, peak width will increase with increasing differences in 
retention times between the anomeric forms, with decreasing interconversion 
rates between them and, of course, with increasing overall peak retention 
times. One would therefore expect sharper peaks as a function of k' for 
those disaccharides that are completely or almost completely in one form 
and for those with rapidly mutarotating anomeric fructosyl residues. Among 
the first group, this is certainly true for the nonreducing sugars ot,a-, 
a,3-, and 3,3-trehalose, more so than for sucrose. Among the second group, 
lactulose has somewhat narrow peak widths, considering its retention time, 
while peak widths for turanose, palatinose, maltulose, and leucrose are 
within the normal range. 
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Fig. 1. Elution pattern of ct—linked disaccharides 
column. Mobile phase, acetonitrlle-water 
1.0 ml/mln 
from a Zorbax-NH^ 
(77:23); flow rate. 
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Flg. 2 , Elutlon pattern of linked disaccharides from a Zorbax-NHg 
column. Mobile phase, acetonitrile-water (77:23); flow rate, 
1.0 ml/min 
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Table 3. Peak widths (w^^/t^) for disaccharldes chromatographed on 
Supelcosll LC-NHg and Zorbax-NHg columns with aqueous 
acetonltrlle 
Dlsaccharlde 
Supelcosll LC-NHg Zorbax-NHg 
Acetonltrlle 
(% v/v) 
Acetonltrlle 
(% v/v) 
75 80 72 77 
Xylobiose 0.11 0.15 0.18 0.23 
Sucrose 0.11 0.15 0.18 0.23 
Lamlnarlbiose 0.19 0.25 0.32 0.34 
Turanose 0.16 0.20 0.22 0.24 
Palatlnose 0.13 0.16 0.22 0.24 
Maltulose 0.14 0.18 0.21 0.24 
Leucrose 0.14 0.18 0.21 0.24 
Nlgerose 0.24 0.30 0.32 0.37 
Celloblose 0.16 0.23 0.24 0.28 
Maltose 0.19 0.25 0.26 0.32 
Sophorose 0.16 0.22 0.18 0.26 
a,3-Trehalose 0.16 0.22 0.16 0.22 
Lactulose 0.16 0.20 0.21 0.24 
Kojlblose 0.17 0.28 0.26 0.29 
a,a-Trehalose 0.16 0.20 0.17 0.22 
Lactose 0.17 0.25 0.27 0.29 
g,6-Trehalose 0.16 0.22 0.18 0.24 
Isomaltose 0.21 0.29 0.28 0.35 
Gentloblose 0.22 0.30 0.32 0.37 
Mellblose 0.20 0.30 0.34 0.38 
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To determine the Influence of differences in anomeric retention times 
on peak widths, the Zorbax-NHg column was treated with O.IM HCl, similar 
to the HgSO^ treatment by Kahle and Tesarlk of an amino column to decrease 
the mutarotation rate (17). Use of 1 ml/min of an aqueous eluent containing 
72% (v/v) acetonitrile of 23® caused anomeric peak separation of all 
reducing disaccharides except sophorose and those containing fructose. 
Widest separation occurred with xylobiose, nigerose, laminaribiose, and 
melibiose, where differences between k' values of the two anomeric peaks 
exceeded 10% of their average value. The first three disaccharides yielded 
the broadest peaks on untreated Zorbax-NHg and Supelcosil LC-NH^ columns, 
when k' is taken into account. 
In conclusion, use of amine-bonded silica columns to separate 
disaccharides by HPLC is feasible if the mixture is not too complex. 
Separation of highly complex mixtures is best accomplished by capillary gas 
chromatography following trimethylsilylation of the disaccharides, since 
the number of theoretical plates that can be feasibly obtained is much 
greater and the range of retention times is somewhat larger (8). 
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SECTION II. HIGH-PERFORMANCE LIQUID CHROMATOGRAPHY OF TRISACCHARIDES 
ON AMINE-BONDED SILICA COLUMNS 
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SUMMARY 
Thirteen different trisaccharldes—3-0-3-celloblosyl-D-glucose, 
cellotriose, 3-0-a-lsomaltosyl-D-glucose, Isomaltotrlose, isopanose, 
1-kestose, 4-0-g-lamlnaribiosyl-D-glucose, lamlnaritrlose, maltotrlose, 
melezltose, panose, rafflnose, and xylotrlose—were subjected to HPLC 
on prepacked amino-bonded silica columns, using acetonitrile-water 
eluents. As with mono- and disaccharides, replacement of glucose by 
xylose or fructose caused shorter retention times, while its replacement 
by galactose led to delayed elution. Retention times of trisaccharldes 
containing only glucose were shortest when only (l->3) bonds were present, 
and increased with increasing numbers of (l-)-4) and especially (1^6) bonds. 
When a trisaccharide contained two different types of bonds, retention 
times were roughly halfway between those of the two trisaccharldes having 
only one type. 
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INTRODUCTION 
Many laboratory and industrial processes produce oligosaccharides of 
the same chain length but of different composition or structure. These 
mixtures can often be analyzed by paper, thin-layer, and low-pressure 
liquid chromatography, though these usually require many hours and 
quantitative results are often insufficiently precise. Because gas and 
high-performance liquid chromatography are quicker and usually yield 
trustworthy quantitative data, they would be preferable to other analytical 
methods if separations between different oligosaccharides of the same chain 
length were sufficient. 
While there have been a number of investigations of disaccharide 
separations by GC and HPLC (including two from this laboratory using fused 
silica capillary columns coated with SE-54 silicone oil (1) and packed 
amino-bonded silica columns (2), respectively), little work has been 
conducted on the separation of large numbers of trisaccharides. This is 
a significantly more difficult problem, as derivatized trisaccharides are 
less volatile than the corresponding disaccharides, while structural 
differences of naturally occurring trisaccharides are generally less 
pronounced and therefore could be expected to lead to less complete separa­
tion than among disaccharides. 
Two groups have dealt with the HPLC analysis of trisaccharides most 
completely, both using packed silica amine-modified columns. Boersma 
et al. (3) separated four nitrogen-containing trisaccharides with a 
decreasing linear gradient of aqueous acetonitrile, while Baust et al. 
(4) chromatographed melezitose, gentianose, raffinose, maltotriose, and 
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isomaltotriose with an acetonitrile-water-tetraethylenepentamine (75:25: 
0.02) mixture, probably separating the first and last from the other 
three. 
To further investigate their analysis, we have subjected thirteen 
different trisaccharides to HPLC using amino-bonded silica columns and 
acetonitrile-water eluents, following closely our previous work with 
disaccharides (2). Nine of the trisaccharides contained only glucose, one 
only xylose, two glucose and fructose, and the last glucose, fructose, and 
galactose. 
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EXPERIMENTAL 
Chromatographic Apparatus and Procedures 
The chromatographic apparatus, as well as Du Pont Zorbax-NH^ and 
Supelcosil LC-NHg amlnopropyl-bonded silica columns, Bio-Rad Bio-Sil 
NHg precolumn, solvents, separation conditions (23 ± 1°, 1 ml/min 
acetonitrile-water eluent), and methods to determine capacity factors 
(k*), retention times (t^), column dead times (t^), and resolutions (R^), 
were described earlier (2). The refractometer output was processed with 
a Cyborg (Newton, MA) ISAAC Model 42A crhomatography workstation and an 
Apple (Cupertino, CA) lie microcomputer. 
Trisaccharides 
Isomaltotriose [0-a-D-glucopyranosyl-(l->-6)-0-a-D-glucopyranosyl-
(l->6)-D-glucose], raaltotriose [0-a-D-glucopyranosyl-(l->-4)-0-ct-D-
glucopyranosyl-(1^4)-glucose], and melezitose [0-a-D-glucopyranosyl-
(l->-3)-0-3-D-fructofuranosyl-(2->-l)-a-D-glucopyranoside] were purchased from 
Sigma (St. Louis, MO). Cellotriose [O-g-D-glucopyranosyl-(l->4)-0-3-D-
glucopyranosyl-(l-»-4)-D-glucose] was supplied by V-Labs (Covington, LA), 
panose [0-a-D-glucopyranosyl- (l->6)-0-a-D-glucopyranosyl- (l-»-4)-D-glucose] 
by BDH (Poole, Dorset, England), and raffinose [O-a-D-galactopyranosyl-
(l-»-6)-0-a-D-glucopyranosyl-(l->2)-3-D-fructofuranoside] by Pfanstiehl 
(Waukegan, IL). Xylotriose [0-6-D-xylopyranosyl-(l->4)-0-g-D-
xylopyranosyl-(l->-4)-D-xylose] was prepared in our laboratory by partial 
acid hydrolysis of xylan followed by charcoal-Celite and Aminex AG1-X4 
strong-base column chromatography. The following compounds were gifts: 
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3-0-3-celloblosyl-D-glucose [0-g-D-glucopyranosyl-(l-»-4)-0-3-D-
glucopyranosyl-(l->3)-D-gluco8e3 » isopanose [0-a-D-glucopyranosyl-(l+4)-
0-a-D-glucopyranosyl-(l->-6)-D-glucose], and 4-0-3-laminariblosyl-D-glucose 
[0-3-D-glucopyranosyl-(1^3)-0-3-D-glucopyranosyl-(l->4)-D-glucose] from 
Dr. Bent Stig Enevoldsen of the Carlsberg Research Laboratory; 
3-0-a-isomaltosyl-D-glucose [0-a-D-glucopyranosyl- (l-»-6)-0-a-D-
glucopyranosyl-(l+3)-D-glucose] from Professor John F. Robyt of Iowa State 
University; 1-kestose [0-6-D-fructofuranosyl-(2+l)-0-g-D-fructofuranosyl-
(2->l)-a-D-glucopyranoside] from Dr. Robert M. Sequeira of Amstar, and 
lamlnarltrlose [0-3-D-glucopyranosyl-(l+3)-0-3-D-glucopyranosyl-(l-»3)-D-
glucose] from Dr. Elwyn T. Reese of the U.S. Army Natick Research and 
Development Laboratories. 
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RESULTS AND DISCUSSION 
Capacity factors and resolutions for trisaccharldes are shown on 
Table 1. As with disaccharides (2), highest resolution occurred with the 
Supelcosil LC-NHg column at higher acetonitrile concentrations than with 
the Zorbax-NHg column. Again, improved resolution accompanied higher 
retention times and increasing acetonitrile contents, at least up to 80% 
(v/v) with the former column and 75% (v/v) with the latter. 
There is a greater range of capacity factors among trisaccharldes 
than among disaccharides under roughly the same conditions, with the ratio 
between isomaltotriose and laminaritriose averaging 1.8 while that between 
isomaltose and laminaribiose (2) is about 1.4. However, because the 
a-linked compounds studied here have capacity factors mainly at the upper 
end of the range, with those for 3-linked compounds at lower values, 
separations of each seem little better than those of the disaccharides 
(Figures 1 and 2). 
When the trisaccharide was composed solely of glucosyl units, reten­
tion times increased in the order of bonding (l->-3), (1^), (l->6), following 
the pattern of the disaccharides. Accordingly, laminaritriose eluted 
before maltotriose and cellotriose, which exited the column before 
isomaltotriose. When two different bonds were present in a trisaccharide, 
capacity factors were roughly halfway between those of the two tri­
saccharldes that contained only one type. In this work, 3-0-6-cellobiosyl-
D-glucose and 4-0-g-laminaribiosyl-D-glucose, which contained both 
g-(l-»-3) and g-(l->-4) bonds, had capacity factors that were almost the 
average of laminaritriose, with two 3-(l->3) links, and cellotriose, with 
Table 1. Capacity factor (k*) and resolution (R^) values for tri-
saccharldes chromatographed on Supelcosil LC-NH^ and Zorbax-NH^ 
columns with aqueous acetonltrlle 
Trisaccharlde 
Xylotriose [0-Xyl£-(l->-4)-g-Xyl£;-(l->-4)-Xyl] 
1-Kestose [g-Fru^-(2->l)-6-Frujf-(2->-l)-a-Glc£] 
Melezitose [a-Glc^- (1^3)-g-Fruf- (2-)-l)-a-Glc2] 
Raffinose [a-Gal^-(l-»-6)-a-Gl(^-(l-»-2)-B-Fru^] 
Laminaritriose [6-Glc£-(l->-3)-3-Glc£-(1^3)-Glc] 
3-0-g-Cellobiosyl-D-glucose [B-Glc£- (l-»-4)-B-Glc£-(l->-3)-Glc] 
4-0-3-Laininaribiosyl-D-glucose [ 3-Glc£- (l->-3)-3-Glc£-(l->-4)-Glc] 
Maltotrlose [a-Glc£-(l->4)-a-Glc£-(l->-4)-Glc] 
Cellotriose [B-Glc£-(l->4)-3-Glc£-(l+4)-Glc] 
3-0-a-Isomaltosyl-D-glucose [a-Glc£-(l->-6)-a-Glc£-(l->3)-Glc] 
Panose [a-Glc£-(l-»-6)-a-Glc£-(l-»-4)-Glc] 
Isopanose [a-Glc£- ( 1+4)-a-Glc£- (l-»6)-Glc ] 
Isomaltotriose [a-Glc£-(l->6)-a-Glc£- (l-»-6)-Glc] 
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Supelcosil LC-NHg Zorbax-NHg 
Acetonltrlle (% v/v) Acetonltrlle (% v/v) 
75 80 69 75 
k' R 
s 
k' R 
s 
k' R 
s 
k' R 
s 
1.64 2.62 1.68 2.93 
— — 3.04 5.84 
2.45 4.51 3.07 5.84 
3.00 5.68 3.61 7.22 
2.21 
— 
3.99 
— 
2.92 1.1 
5.66 1.8 
— 
— 
— 
— 
3.29 0.0 
6.61 
0.1 
— 
— 
— 
— 
3.31 
1.1 
6.67 
1.3 
2.84 0.2 5.28 3.66 7.31 0.2 0.5 0.0 
2.88 5.53 3.67 7.42 1 # 0 1.4 0.9 1.4 
3.14 0.4 6.22 0.4 3.96 0.4 
8.15 
0.7 
3.26 
0.3 6.45 0.5 
4.11 
0.1 
8.52 
0.3 
3.36 1.9 6.77 2.3 4.15 1.6 8.69 2.7 
3.93 8.23 4.70 10.22 
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o 
o o 
TIME (tnin) 
Fig. 1. Elution pattern of a-linked trisaccharides from Supelcosil 
LC-NHg column 91,399. Mobile phase, acetonitrile-water 
(75:25); flow rate 1.0,ml/min 
32 
g 
S 
S 
Ky 
Sis 
33 
WA
TE
R 
9% 
_l O 
(/) ce 
I uj 3u _l i 1 
o o 
m ^  
-
 
CE
LL
OT
RI
OS
E 
s 
g 
î 
• S 
m 
1 1 ' I 
0 8 16 24 32 40 
TIME (min) 
Fig. 2. Elution pattern of g-linked trisaccharides. Column and 
conditions as in Figure 1 
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two 3-(l-»-4) bonds. Likewise, panose and Isopanose eluted roughly halfway 
between maltotrlose and Isomaltotrlose. The bond closer to the reducing 
end had slightly more Influence on the capacity factor, as 4-0-g-
lamlnarlblosyl-D-glucose exited after 3-0-g-celloblosyl-D-glucose, and 
Isopanose after panose. 
To further Investigate the effect of varying saccharide compositions 
and linkages on capacity factors, advantage was taken of the fact that 
the standard free energy difference between a component 1 In mobile and 
stationary phases Is related to the logarithm of its capacity factor: 
£n k^ = &n (V^/V^) - AG°/RT (1) 
where V^/V^ is the ratio of the effective volume of the stationary phase 
to that of the mobile phase. Free energy differences of two components may 
be compared (5, 6): 
£n (kj^/k^) = ( G° - G°)/RT 
m 
where is a substituent parameter arising from the addition of a 
substituent j at the reducing end of a parent compound p, and m is the 
total number of substitutions (5). There are numerous indications that 
values for a given substituent in a given position do not vary with 
different parent compounds, but are additive with different substltuents 
In the same or different locations, simplifying to (5). A 
relationship like Eq. (2) has been used at least once with an amino column 
eluted with aqueous acetonltrlle (7). As expected, values of did not 
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vary with change of parent molecule when the effect on capacity factors 
of substituting a 6-hydroxyl group for a hydrogen atom in a number of mono­
saccharides was studied. 
Accordingly, values of capacity factors as a function of chain length 
are plotted on Figure 3. Included are four monosaccharide parent 
compounds, nine disaccharides derived from them by anomeric hydroxyl 
substitution by a xylosyl, fructosyl, or glucosyl residue, and ten tri-
saccharides derived from the disaccharides by further reducing-end 
addition. These values were obtained using the Supelcosil LC-NH^ column 
with 75% aqueous acetonitrile eluent, though similar plots occurred at 
80% acetonitrile with the Supelcosil LC-NH^ column and at 72% and 75% 
acetonitrile with the Zorbax-NHg column. Most capacity factors for di­
saccharides were taken from earlier work (2). 
Values of were calculated from slopes between parent mono­
saccharides and daughter disaccharides and between parent disaccharides 
and daughter trisaccharides for each of the four cases. When a minimum 
of two values for the same substituent were available, the means were 
calculated and are presented on Table 2. 
Inspection of Figure 3 demonstrates that agreement between exper­
imentally obtained capacity factors (shown as discrete points) and those 
calculated from mean values of (shown as lines between sugars of 
different chain length) is quite acceptable. Xylotriose has a low capacity 
factor, mainly because xylose has a low value of k\ Raffinose has a lower 
capacity factor than other trisaccharides having glucosyl residues linked 
by ot-(l-»-6) bonds because it contains a g-(l-»-2)-fructosyl bond, which has 
Fig. 3. Capacity factors of mono-, di-, and trisaccharides obtained 
with a Supelcosil LC-NHg column using 75% (v/v) aqueous 
acetonitrile at 1.0 ml/min. ( ): Calculated by linear 
regression for members of a homologous series; ( ): 
Calculated by averaging at least two slopes obtained from 
formation of the same bond 
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Table 2. Mean substituent parameters (Xj) for various substltuents 
chromatographed on Supelcosll LC-NH^ and Zorbax-NHg columns with 
aqueous acetonltrile 
Substituent 
No. of 
slopes 
Supelcosll LC-NHg 
Acetonltrile 
(% v/v) 
Zorbax-NH„ 
Acetonltrile 
(% v/v) 
75 80 72 75 
g-(l+4)-Xylosyl 2 0.51 0.66 —— — 
g-(l+2)-Fructosyl 
(from a-glucosyl) 2 0.35 0.47 0.32 0.38 
a-(2^1)-Glucosyl 
(from 3-fructosyl) 2 0.50 0.69 0.48 0.59^ 
a- (l-»-3) -Glucosyl 2 0.51 0.68 0.52 0.61 
3- (l->3)-Glucosyl 2 0.43 0.58 0.44 0.53* 
cx-(l-»-4)-Glucosyl 3 0.53 0.68 0.55 0.63 
3-(l-»-4)-Glucosyl 2 0.56 0.74 0.56 0.66* 
a-(1^6)-Glucosyl 4 0.72 0.96 0.70 0.82 
^Three slopes. 
a very low . An increase of acetontrile concentration causes a sharp 
increase in . 
Peak widths normalized to column dead time (w^/t^) are shown on 
Table 3. As with disaccharides (2), there is a tendency for the non-
reducing sugars, especially raffinose, to have disproportionately low peak 
widths, while those with S-{l->-3) bonds (especially when they are at the 
reducing end, as with laminaritriose and 3-0-B-cellobiosyl-D-glucose) have 
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Table 3. Peak widths (w^/t^) for trisaccharides chromatographed on 
Supelcosll LC-NHg and Zorbax-NHg columns with aqueous 
acetonltrlle 
Supelcosll LC-NHg Zorbax-NHg 
Acetonltrlle Acetonltrlle 
(% v/v) (% v/v) 
Trlsaccharlde 75 80 69 75 
Xylotrlose 0.17 0.20 0.19 0.22 
Lamlnarltrlose 0.25 0.43 0.26 0.46 
1-Kestose — — 0.21 0.40 
Melezltose 0.19 0. 30 0.24 0.39 
3-0-3-Cellobiosyl-D-glucose — — 0.39 0.60 
4-0-B-Laminariblosyl-D-glucose — 0.28 0.51 
Rafflnose 0.24 0.32 0.28 0.39 
Maltotrlose 0.26 0.48 0.34 0.50 
Cellotrlose 0.26 0.45 0.30 0.50 
3-0-a-Isomaltosyl-D-glucose 0.27 0.55 0.34 0.56 
Panose 0.26 0.50 0.34 0.50 
Isopanose 0.32 0.58 0.35 0.57 
Isomaltotrlose 0.33 0.68 0.36 0.60 
39 
abnormally high values. The latter again seems to be caused by large 
differences in retention times of anomers; suppression of mutarotation 
by use of an amine-bonded column treated with HCl causes wide anomer peak 
separation in these two compounds when they are chromatographed. 
Again, as already found with a selection of disaccharides (2), use 
of amine-bonded silica columns can give adequate separations of tri-
saccharides if the mixture is not too complex. The effect of composition 
and bond type on capacity factors and peak widths, first noted with 
disaccharides, has been confirmed using trisaccharides. 
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SECTION III. RETENTION OF CARBOHYDRATES ON SILICA AND AlIINE-BONDED SILICA 
STATIONARY PHASES: APPLICATION OF THE HYDRATION MODEL 
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SUMMARY 
In order to determine whether adsorption or partition controls 
retention of carbohydrates on amine-bonded silica columns, the water 
uptake and chromatographic behavior of a number of carbohydrates with 
different numbers of hydroxyl groups were measured on silica packing with 
and without bonded amino groups. Retention was correlated much better 
with the calculated hydration number of each carbohydrate than with the 
number of possible hydrogen bonds between carbohydrate hydroxyl groups and 
packing amino groups. This suggested that partition between eluent and 
water-enriched liquid stationary phase was the controlling mechanism in 
liquid chromatography of carbohydrates on silica and amine-bonded silica. 
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INTRODUCTION 
The Introduction of chemically bonded silica packings opened a new 
dimension in liquid-solid chromatography with respect to selectivity and 
convenience. Among polar-bonded phases, the aminoalkyl stationary phase 
has gained considerable popularity since its first application in the 
analysis of sugar mixtures (1, 2). liany articles have been published 
since then dealing with the separation of different sugars using various 
aqueous organic eluents, but very few have covered the separation mechanism 
of carbohydrates in these systems. This fact is not Surprising, since the 
complex interactions between polar solute and solvent molecules and the 
polar stationary phase make elucidation of the retention mechanism very 
difficult. 
There have been several reports (3-6) suggesting that the principal 
interaction in carbohydrate separation is hydrogen bonding between amine-
bonded packing and sugar hydroxyIs, whose total number and distribution 
play an important role. 
On the other hand, Verhaar and Kuster (7) and Orth and Engelhardt (8) 
determined experimentally that the concentration of water in the pores of 
the packing was higher than that in the acetonitrile-water eluent. On the 
basis of the observed relationship between water uptake by the stationary 
phase, amine group surface concentration, and capacity factor values of a 
number of sugars, they explained the separation process as a partition of 
the solute between a stagnant water-enriched phase and a moving 
acetonitrile-water mixture. 
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In this work we have made a further contribution to the understanding 
of the two mechanisms by (1) measuring water concentrations in mobile and 
stationary liquid phases associated with amine-bonded and free silica 
surfaces, and by (2) relating retention of carbohydrates to two parameters, 
the number of hydroxyl groups per molecule that could hydrogen bond to 
amine groups on the surface and the calculated hydration number of the 
molecule. Eight carbohydrates, most of them nonreduclng to avoid 
difficulty with slow mutarotatlon in free silica columns, were used. 
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EXPERIMENTAL 
The chromatographic apparatus, separation conditions (23 ± 1°C, 
1 ml/min aqueous acetonitrile eluent flow), and solvents were described 
earlier (9). 
Deuterium oxide came from Fisher (Pittsburgh, PA, U.S.A.). Sigma 
(St. Louis, MO, U.S.A.) supplied 2-deoxy-D-glucose, digitoxose (2,6-
dideoxy-D-ribo-hexose), D-glucose, myo-inositol (1,2,3,5/4,6-hexahydroxy-
cyclohexane), and a,a-trehalose (0-a-D-glucopyrahosyl-(l-+l)-a-D-gluco-
pyranoside). Sucrose (0-a-D-glucopyranosyl-(l+2)-g-D-fructofuranoside) 
was purchased from Baker (Phillipsburg, NJ, U.S.A.). Dextran (MW 40 x 10^ 
daltons) was donated by Professor John F. Robyt of Iowa State University, 
ot,3-trehalose (0-a-D-glucopyranosyl-(l+l)-g-D-glucopyranoside) by 
Dr. Frederick W. Parrish of the Southern Regional Research Center, and 
3,S-trehalose (0-6-D-glucopyranosyl-(l->l)-3-D-glucopyranoside) by 
Dr. Riaz Khan of Tate & Lyle. 
The columns employed in this work were a Du Pont (Wilmington, DE) 
Zorbax-NHg (column T2535), a Supelco (Bellefonte, PA) Supelcosil LC-NH^ 
(column 91,164), and a Supelcosil LC-Si (column 15,571), all 250 mm 
X 4.6 mm I.D. No precolumn was used. The properties of the stationary 
phases are summarized in Table 1. 
The total column porosity (e^ = V^/V^), defined as the column 
fraction filled with intra- and interparticle eluent, was determined from 
the total column volume (V^) and the elution volume of unretained DgO 
(Vj.). The interstitial volume (V^) necessary to calculate the interstitial 
porosity (e^ = V^/V^) was obtained from the retention time of a dextran 
Table 1. Characteristic column packing properties 
Property 
Column 
Zorbax-NHg Supelcosil LC-NHg Supelcosil LC-Si 
Particle shape^ Spherical Spherical Spherical 
Average particle size (pm)^ 7 5 5 
Specific surface area (m /g)^ 320 170 169 
Average pore diameter of 
parent silica (nm)^ 6.5 11.5 11.5 
Aminopropyl surface 
concentration (ymole/m^)^ 3.6 2.8 
Average area available per 
bonded group (nm 0.46 0.59 
Average distance between 
bonded groups (nm)^ 0.76 0.87 
Packing density (mg/ml)^ 0.67 0.62 
Intraparticle porosity (e^) 0.40 0.38 0.42 
Interstitial porosity (e^) 0.39 0.38 0.34 
Total porosity (e^.) 0.79 0.76 0.76 
^Information obtained from the suppliers. 
^Calculated assuming close-packed hexagonal packing in a plane. 
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that was totally excluded from the pores. Both volumes and were 
corrected for the dead volume between the injector and the detector. 
Elution volumes of unretained and excluded solutes were measured using 
water as a mobile phase. 
The pore volume fraction was calculated from the difference of the 
total and interstitial porosities (e^ = e^. - e^). This value, determined 
from our experimental results, agreed well with the supplier's value, in 
the case of the Zorbax-NH^ packing. 
The amount of water retained by the columns was determined by the 
modified equilibrium method (10) described previously (7). The experimental 
setup and procedure for measuring the water holdup in the columns was that 
of Verhaar and Kuster (7), with an eluent flow rate of 0.6 ml/min. 
Capacity factor values [k' = (t^ - t^^/tg] were calculated from the 
solute retention times (t ) and the deuterium oxide retention times (t ). K O 
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RESULTS AND DISCUSSION 
The water uptake by the three stationary phases as a function of the 
water concentration in the eluent mixture is plotted in Figure 1. For all 
three column packings the water concentration in the pores was higher than 
that in the mobile phase, a result of preferential adsorption of water by 
the stationary phase. The greater the polarity of the organic component 
of the aqueous organic eluent mixture, the smaller the water uptake is, 
because of the competition between both polar components for the polar 
adsorbent active sites. This is well illustrated in Figure 1 by the 
reduced water uptake when a methanol-water mobile phase was used instead 
of acetonitrile-water in the Supelcosil LC-NH^ column. 
Comparison of the water uptake curves of the two Supelcosil packings 
indicates that bonded amine groups enhance water uptake. The considerably 
higher water uptake by the Zorbax-NHg stationary phase over either 
Supelcosil column is a result of its higher specific area and amine 
loading. These results are in agreement with the observation of Orth and 
Engelhardt (8) that the amount of water adsorbed by the stationary phase 
increases with increasing amine group surface concentration. 
In order to measure the retention of carbohydrates with varying 
structures and number of hydroxyl groups on stationary phases of free or 
amine-bonded silica, the eight compounds previously described were 
chromatographed on Supelcosil LC-Si and Supelcosil LC-NH^ columns with 
different acetonitrile-water eluent mixtures. The range of the eluent 
composition, from 60% (v/v) to 90% (v/v) aqueous acetonitrile, is that 
usually applied in sugar separations. 
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SUPELCOSIL LC-Si 
ZORBAX-NH 
SUPELCOSIL LC-NH, 
SUPELCOSIL LC-NH, 
1 
10 20 30 40 50 
WATER CONCENTRATION IN ELUENT (%v/v) 
60 
1. Water concentrations in mobile and stationary liquid phases 
in Zorbax-NHg, Supelcosil LC-NH^, and Supelcosil LC-Si 
columns: ( ) acetonitrile-water mobile phase, (—-) 
methanol-water mobile phase 
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Elutlon order was the same on both columns and, except for myo­
inositol, corresponded to the number of free hydroxyl groups per molecule 
(Table 2). Separation of the carbohydrates on the Supelcosil LC-Si 
column could be made comparable to that on the Supelcosil LC-NH^ column 
simply by increasing the acetonitrile concentration in the eluent. For 
example, approximately the same separation resulted when the eight 
compounds were chromatographed on the Supelcosil LC-Si column with 90% 
acetonitrile, versus 80% acetonitrile on Supelcosil LC-NHg. Throughout 
the entire range of eluent concentrations tested, similar separations in 
the two columns occurred at similar ratios of pore to eluent water 
concentrations. 
In a test of the assumption that specific interactions between 
carbohydrate hydroxyls and the stationary water-rich phase play an 
important role in the separation process, we attempted to link carbohydrat 
water hydrogen bonding, as expressed by the specific carbohydrate hydra­
tion model (11), to the overall retention. We did this because one would 
expect that those carbohydrates that are more fully hydrated in aqueous 
solution would be more strongly attracted by the water-rich layer at the 
silica and amine-bonded silica surfaces. 
In their mutarotation study of sugars, Kabayama and Patterson (11), 
on the basis of the conformation of carbohydrates in solution and tetra-
hedrally bonded water molecules, were able to predict that an equatorial 
hydroxyl group would be more strongly hydrated than an axial one. Since 
it is equatorial secondary hydroxyl groups on the pyranosyl ring which 
possess spacing compatible with the oxygen atoms in the water structure, 
the primary hydroxyl on the C-6 atom—and to an even greater extent any 
Table 2. Retention of carbohydrates chromatographed on silica columns 
with aqueous acetonitrile 
Carbohydrate No. of free Max. no. 
hydroxyl of hydrogen 
groups bonds per 
molecule 
Digitoxose 3 2-3 
2-Deoxy-D-glucose 4 3 
D-Glucose 5 3 
Sucrose 8 4 
a,6-Trehalose 8 4 
a,a-Trehalose 8 4 
3,3-Trehalose 8 4 
myo-Inositol 6 3 
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Capacity factors (k') 
Supelcosil LC-Sl Supelcosil LC-NHg 
Acetonltrile (% v/v) Acetonltrile (% v/v) 
60 70 80 90 60 70 80 90 
0.18 0.18 0.12 0.10 0.22 0.22 0.17 0.17 
0.20 0.26 0.28 0.46 0.31 0.41 0.54 1.11 
0.22 0.32 0.42 0.90 0.40 0.62 1.03 2.82 
0.24 0.39 0.65 1.56 0.46 0.83 1.75 7.89 
0.26 0.45 0.80 2.26 0.50 0.98 2.31 > 80 
0.26 0.45 0.82 2.52 0.50 1.02 2.57 > 80 
0.26 0.45 0.85 2.56 0.50 1.05 2.60 > 80 
0.30 0.48 0.87 2.02 0.56 1.05 2.28 > 80 
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axial groups—would not be expected to contribute as much to specific 
hydration. Furthermore, less specific hydration of carbohydrate 
furanosyl forms would be anticipated due to the geometric incompatibility 
of the furanosyl ring with the tetrahedrally bonded water oxygen atoms. 
Thus, the specific hydration model indicates that not only the number of 
hydroxyl groups and their orientation, but also their position on the ring 
and the conformation of the whole molecule, might be factors determining 
the hydration effect. 
There are a number of methods to estimate hydration numbers of carbo­
hydrates, but that using ultrasonic velocities to measure solution 
compressibilities, which can be extrapolated to zero solute concentration, 
appears best suited to our needs. Therefore, the hydration number data of 
Shiio (12), Franks et al. (13), and Juszkiewicz (14), together with those 
estimated from the compressibility data of Holland and Holvik (15) by 
Eq. (1) of Shiio (12), are shown on Table 3. The apparent molal 
compressibility of myo-inositol has been reported only once (13), at 5°C, 
but the use of the variations in compressibilities between 5°C and 25°C 
for nine other organics, it is possible to estimate its value at 25°C, and 
from it a hydration number at that temperature. The very high value of 
the latter is expected, as myo-inositol, with five equatorial secondary 
hydroxyl groups, should be more strongly hydrated than any of the mono­
saccharides, which have up to four equatorial secondary hydroxyls in the 
case of g-anomers and up to three for a-anomers. 
These hydration numbers can be compared with relative retention times, 
assembled from the composite data of Verhaar and Kuster (16) and some of 
ours (9, 17, 18) (Table 3). With a few exceptions correlation between the 
Table 3. Relation between relative retention time and hydration number 
for a series of carbohydrates^ 
b 
Carbohydrate Relative retention time 
Nikolov Verhaar 
et al. and Kuster (16) 
D-Ribose — —  0.40 
D-Xylose 0.30^ 0.47 
D-Arabinose 0.53 
D-Fructose 0.46^ 0.53 
D-Mannose — 0.60 
D-Glucose 0.56^, 0.59^ 0.67 
D-Galactose 0.61^ 0.73 
Sucrose 1.00 1.00 
Cellobiose 1.25® 1.20 
Maltose 1.26® 1.20 
myo-Inositol 1.30^ — — 
Lactose 1.49® 1.33 
Melezitose 2.03^ — 
Raffinose 2.56^ 2.33 
^Amine-bonded silica stationary phase, 80% (v/v) aqueous 
acetonitrile eluent. 
^Relative to sucrose. 
^Reference 17. 
"^This work. 
^Reference 9. 
f 
Reference 18. 
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Hydration number at 25°C 
Shilo (12) Franks 
et al. (13) 
Holland 
and Holvik (15) 
Juszkiewicz (14) 
— 2.7 2.6 
2.3 2.8 4.1 
3.5 4.1 4.0 
3.8 — — 
3.3 5.1 
3.5 3.4 3.8 
4.3 
5.2 
3.8 3.8 7.0 
4.8 
4.2 
8.0 
4.9 
6.2 
5.2 
8.2 
6.2 
— 6.4 —— 
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two parameters is good. The unexpectedly high retention time of myo­
inositol is in line with its high hydration number. 
The differences in hydration between the carbohydrates in Table 3, 
which result from differences in the number of hydroxyl groups, their 
orientation and position on the ring, and the conformation of the molecule, 
reveal the very specific nature of the sugar-water interactions as 
suggested by the hydration model. The observed correlation between the 
retention times and hydration numbers implies the existence of similar 
specific interactions between carbohydrate hydroxyls and stagnant water 
molecules. 
Therefore, based on these observations, the same elution order of 
the eight carbohydrates chromatographed on Supelcosil LC-NHg and Supelcosil 
LC-Si columns (Table 3) would be expected. In general, the same elution 
order of carbohydrates is to be observed in any chromatographic system 
where the partitioning of carbohydrates occurs between a water-enriched 
stagnant phase and moving aqueous organic eluent. This occurs with amine-
modified silica and acetone-water (6), hydroxylated silica and acetone-
water (6), amine-bonded silica and methanol-water (17), sulfate-treated 
amine-bonded silica and acetonitrile-water (19), and to a substantial 
extent with anion exchange resin and ethanol-water (20). 
The possibility of hydrogen bonding between mono- and disaccharides 
and amine groups was investigated with space-filling molecular models, 
taking into consideration the orientation flexibility of the aminopropyl 
group on the silica surface and the average distance between bonded groups, 
as given in Table 1. In all cases the axial hydroxyls above the pyranosyl 
ring plane are the only ones not accessible for hydrogen bonding. We 
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concluded that monosaccharides cannot be engaged in hydrogen bonding with 
more than three and disaccharides with more than four aminopropyl groups 
(Table 2), except for the (l+6)-linked disaccharides isomaltose and 
gentiobiose, which can form up to five hydrogen bonds. 
In general, retention of the eight carbohydrates increased with 
increasing potential hydrogen bonding to amine groups, with the exception 
of myo-inositol. At eluent concentrations below 80% acetonitrile, myo­
inositol was retained on the amine-bonded column as long or longer than any 
of the other eight carbohydrates, though it could engage in only three 
hydrogen bonds. In fact, using the relative retention time of sucrose as 
a base, it eluted later than 10 of 21 disaccharides previously chromat-
ographed on Supelcosil LC-NHg with 80% aqueous acetonitrile eluent (9). 
On the basis of hydrogen bonding, myo-inositol would be expected to have a 
lower retention time than any disaccharide and one approximately the same 
as glucose, which it resembles in structure, size, and number of hydroxyl 
groups positioned for bonding. 
In conclusion, it may be stated that hydration number is a good 
parameter for correlating retention times of carbohydrates on silica and 
amine-bonded silica stationary phases. In the case of myo-inositol, it is 
distinctly preferable to total number of hydroxyl groups or to number of 
potential hydrogen bonds. It should be noted that myo-inositol may be 
retained in a different manner than the other carbohydrates tested, as its 
order of retention in comparison to theirs varied with acetonitrile 
concentration in both silica and amine-bonded silica. Finally, it has been 
found that capacity factors of individual carbohydrates were similar in the 
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two stationary phases when the ratios of pore to eluent water concentra­
tions In the two phases were similar. 
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SECTION IV. KINETICS, EQUILIBRIA, AND MODELING OF THE GLUCOAMYLASE-
CATALYZED FORMATION OF DI- AND TRISACCHARIDES FROM GLUCOSE 
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SUMMARY 
The two major forms from Aspergillus nlger glucoamylase were 
incubated at 20, 30, and 40% (w/v) initial glucose, 25, 35, and 45°C, and 
pH 3.5, 4.5, and 5.5. Eight di-, tri-, and tetrasaccharides, a,3-trehalose, 
kojibiose, nigerose, maltose, isomaltose, panose, isomaltotriose, and 
isomaltotetraose, were the products of glucose condensation reactions. 
With the exception of the formation of isomaltotetraose, which was 
detected only at 40% (w/v) initial glucose, the kinetics and equilibria 
of these reactions were further studied. There was no difference between 
the two isozymes in their ability to form these products. Activation 
energies for the formation of all but maltose and panose were between 60 
and 75 kJ/mol; those of maltose and panose were approximately 5 and 40 
kJ/mol, respectively. Relative rates of oligosaccharide production based 
on glucoamylase hydrolytic activity did not vary significantly between 
pH 3.5 and 4.5, but were lower at pH 5.5. Maltose was formed much faster 
than any other oligosaccharide. Equilibrium concentrations at higher 
dissolved solids concentrations decreased in the following order: iso­
maltose, isomaltotriose, kojibiose, nigerose, maltose, a,S-trehalose, and 
panose. They were not appreciably affected by changes in temperature or 
pH. 
A kinetic model based on adsorption of glucose and the seven oligo­
saccharides by the first three subsites of glucoamylase was formulated. 
Oligosaccharide formation was simulated with it using equilibrium data 
gathered in this work and subsite affinities and oligosaccharide hydrolysis 
kinetic parameters found earlier. Agreement of simulated and actual 
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oligosaccharide formation data through the course of the reaction was 
excellent at all three temperatures and at the two lower initial glucose 
concentrations. 
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INTRODUCTION 
Glucoamylase, discovered approximately thirty-five years ago, is an 
important industrial enzyme applied in hydrolysis of starch dextrins to 
glucose by attack on their a-1,4 and o-l,6 glucosidic bonds. A typical 
exo-glucanase, it attacks the substrate molecule from the nonreducing end, 
producing 3-D-glucose (1). The rate of hydrolysis increases with the 
substrate chain length up to five glucose units (2), suggesting that the 
active center of the enzyme comprises at least five subsites. Hiromi and 
coworkers (3, 4) reported that the active center of glucoamylase consists 
of seven subsites with the catalytic site located between the first and 
second subsite. Cleavage of different glucosidic bonds occurs at the same 
active site in the enzyme (5-7). 
It has been known for some time that glucoamylase can hydrolyze 
a-1,3 glucosidic bonds (8), in addition to a-1,4 and a-1,6 ones, and 
evidently even a,ex-, a,3-, and a-1,2 linkages (8-10). However, 
glucoamylase-catalyzed synthesis of a-glucosidic linkages, other than 
a-1,4 and a-1,6 bonds, is not a generally accepted fact, and very often the 
appearance of reversion products in glucose syrups had been attributed to 
a transglucosylase contamination in glucoamylase preparations. 
Glucoamylase is made by a large number of fungal species, and many of 
them produce two or more forms. Two major forms, known as glucoamylase I 
(GA I) and glucoamylase II (GA II), are produced by many Aspergillus 
strains (11, 12), and are found in most industrial preparations of the 
enzyme. They vary from each other in isoelectric point (12), molecular 
weight (13), electrophoretic mobility (11), stability (11), and ability to 
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hydrolyze raw starch and highly branched substrates (14-16). Other than 
the latter, little is known about differences in their kinetic properties. 
To justify the objectives of this work, previous research on reversion 
reactions and attempts to model them will be presented. 
Pazur and Okada (17) compared the rates at which GA I from A. niger 
and homogeneous glucoamylase from Rhizopus delemar catalyzed reversion 
reactions. Glucose solutions (30% (w/v) D-[l-^^C]-glucose) were 
incubated with the enzymes at 55**C and presumably pH 5 for five days. 
Radioactive reversion products were separated by paper chromatography and 
located on the paper by autoradiography. The three oligosaccharide 
products were tentatively identified as nigerose, isomaltose, and iso-
maltotriose. With delemar glucoamylase, initial rate of formation of 
Isomaltose was four times the initial rate obtained with GA I. 
Watanabe et al. (18, 19) incubated 40% (w/v) glucose solution with 
homogeneous niveus or Endomyces sp. glucoamylase at 55°C for 96 h. 
Values of the pH of the reaction mixtures were not reported but, from the 
enzyme activity assays performed, pH 5 can be assumed. The sugars formed 
were fractionated on a carbon-Celite column and identified by paper 
chromatography. With R. niveus glucoamylase, 2.2% (w/w) Isomaltose, 1.3% 
maltose and nigerose, and 0.5% oligosaccharides such as panose, isopanose, 
and isomaltotriose were produced. Similar results were obtained with the 
other enzyme: 3.1% isomaltose, 1.5% maltose and nigerose, and 0.6% 
maltotriose, panose, Isopanose, isomaltotriose, and an unidentified 
oligosaccharide. Isopanose in both cases was separated from panose by 
paper electrophoresis. It is not clear if equilibrium was attained in 
either case. 
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At the same time, Hehre et al. (20) were examining the condensing 
capacity of niveus glucoamylase with glucose and maltose as substrates. 
After incubating crystallized enzyme with 30% (w/v) glucose solution at 
30°C and pH 4.5 for 24 h, Hehre et al. detected by paper chromatography 
0.6% (w/w) maltose and 9.7% (w/w) isomaltose, nigerose, and some oligo­
saccharides. Rapid synthesis of maltose and slower formation of isomaltose 
were observed in the first 15 min. When 30% (w/v) maltose was the substrate 
under the same conditions in a 15-min experiment, maltotriose and panose 
were fomed, presumably by condensation of glucose molecules with the non-
reducing glucosyl units of maltose. More important were their experiments 
with pure a- and 0-anomers of D-glucose. Brief Incubations of R. niveus 
glucoamylase with either anomer revealed that 3-D-glucopyranose is 
specifically required in the synthesis of disaccharides. Similar 
experiments with a highly purified Trichoderma viride glucoamylase 
confirmed the specific requirement of g-D-glucopyranose as a donor 
substrate (21). Since the glucose-maltose condensation reaction approached 
equilibrium under the conditions used, Hehre and coworkers calculated an 
equilibrium constant for maltose: 
[maltose][HgO] 
^maltose [6-glucopyranose] [glucose] ~ 
It was assumed that g-glucopyranose is the glucosyl donor and either a-
and S-glucopyranose can serve as the glucosyl acceptor. 
The higher rate of mutarotation compared to hydrolysis and 
condensation reactions (22) allows recalculation of the equilibrium 
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constant, assuming the equilibrium concentration of 3-D-glucose to be 63% 
of the total glucose (23): 
[maltose][H^O] 
Ten years after their first report on reversion reactions, Pazur 
et al. (24) conducted a series of experiments with A. niger glucoamylase, 
not specifying which form was purified on a DEAE-cellulose column, with 
D-[1-^^C]-glucose or [1-^^C]-maltose at 30% (w/v) concentration. The 
glucose reaction mixture composition was analyzed at various time 
intervals by paper chromatography. Approximately 1% (w/w) nigerose and 
isomaltose was produced after 96 h, with nigerose being formed more 
quickly. The presence of maltose was not reported. Maltose solutions 
were incubated also at room temperature but at pH 4.5 for only 24 h. 
Ninety-two percent (w/w) of the maltose was converted to glucose, 1.3% 
(w/w) went to isomaltose, and 0.7% to panose. Equilibrium was not reached 
in either case. 
Roels and van Tilburg (25), using commercial glucoamylase from 
A. niger, studied the kinetics and equilibria of the glucose reversion 
reactions. The degree of purity of the enzyme was not reported, but it 
seemed to be free of transglucosylase activity and contained both forms 
(GA I and GA II). Glucose solutions at pH 4.5 and at various concentra­
tions (10%-40% w/w) and temperatures (45°C-65°C) were incubated for six 
days. Formation of the reversion products was followed by high performance 
liquid chromatography using a Waters yBondapak column. The presence of 
maltose and isomaltose, but not other oligosaccharides, was reported. 
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Equilibrium constants for maltose and isomaltose calculated as before 
are 
[maltose][H_0] 
[isomaltose][H^O] 
^isomaltose . , 2  [glucose] 
According to RoeIs and van Tilburg, equilibrium constants vary 
negligibly with temperature. The explanation for Roels and van Tilburg's 
maltose equilibrium constant's being three times higher than that reported 
by Hehre et al. (20) is probably the inability of the HPLC method to 
separate maltose, nigerose, kojibiose, and a,3-trehalose from each other 
(see Section I). Therefore, the calculated maltose concentration is 
that of the four disaccharides lumped together. 
Increasing the temperature and glucose concentrations increased the 
rates of formation of maltose and isomaltose. Maltose was formed more 
quickly but to lower levels than isomaltose. 
Roels and van Tilburg (25) also proposed a kinetic model for the 
formation of maltose and isomaltose from glucose using second-order terms 
and calculated equilibrium constants. Experimental data for isomaltose 
and glucose fit the simulated curves better than those for maltose. 
In previous work (26) two reversion reaction experiments were 
performed with homogeneous A. niger glucomylase (GA II) at pH 4.5 and 
40°C, one at 15% (w/v) and the other at 30% (w/v) initial glucose concentra­
tion. Five disaccharides, a,3-trehalose, kojibiose, nigerose, maltose, and 
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isomaltose, were formed during the reaction course and quantified by use 
of capillary gas chromatography. In addition, the presence of iso-
maltotrlose, panose and/or isopanose, and a tetrasaccharide was detected 
by HPLC on a wBondapak-NHg column. 
After 30 days' incubation, nigerose, kojibiose, and a,3-trehalose had 
not reached equilibrium. On the other hand, maltose and isomaltose 
concentration did approach a steady level. The equilibrium constant of 
maltose formation from glucose at 30% initial glucose concentration was 
calculated to be 
[maltose][H^O] 
^maltose ^ ~ 2 = 
[glucose] 
Maltose equilibrium in 15% (w/v) glucose solution was not calculated 
because of the very low precision of the measured equilibrium concentra­
tions. Equilibrium constants for isomaltose formation from glucose were 
[isomaltose][HgO] 
^isomaltose r , ,2 [glucose] 
=2.4 (15% initial glucose) 
=2.1 (30% initial glucose) 
Detection and quantification of kojibiose and a,3-trehalose in the reaction 
mixture was one of the important achievements in that work. Also, a more 
complete kinetic model to account for the simultaneous formation of 
a-linked glucosyl glucoses based on subsite theory was proposed. 
Three more studies dealing mainly with the kinetic aspect of glucose 
condensation reactions have since appeared. 
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Beschkov et al. (27) reported the results of maltose, isomaltose, and 
maltotriose hydrolysis and synthesis by commercial A. niger glucoamylase. 
Kinetic experiments were carried out at 40°C and pH 4.6 with initial 
glucose concentrations of 19.8%, 30.6%, and 45% (w/v). Reaction products 
were analyzed by HPLC using a pBondapak carbohydrate column and an 
acetonitrile-water mixture (70/30) (v/v) solvent. A kinetic model of 
glucoamylase action involving three reversible hydrolysis reactions 
starting with maltotriose, maltose, and isomaltose was proposed. The rate 
expressions for maltotriose and maltose hydrolysis were based on the 
Michaelis-Menten equation with competitive glucose inhibition, while those 
for condensation reactions were second-order terms from the mass action 
law. The rate equation for the reversible formation of isomaltose from 
glucose was taken from Roels and van Tilburg (25). The proposed model 
agreed well with the time course values of glucose and isomaltose 
concentrations but deviated significantly from the observed kinetics of 
maltose and maltotriose formation. The authors claimed that their model 
accounted for the faster action of the enzyme on a-1,4 than on a-1,6 
linkages and for higher isomaltose than maltose concentration at 
equilibrium. 
At the same time, Adachi et al. (22) presented another kinetic model 
for synthesis of maltose and isomaltose from glucose under the assumption 
that glucoamylase has two subsites which bind glucose with different 
affinities. Two glucoamylases of different origin were employed in their 
studies, one from niveus (pure grade) and the other from A. niger 
(industrial grade). Both enzyme preparations were free from 
a-glucosidase. The validity of the model was verified experimentally at 
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pH 5.0 and 40°C with initial glucose concentrations of 43.7% (w/v) for 
niveus glucoamylase and 37.3% (w/v) for the A. nlger preparation. 
Concentrations of carbohydrates in the reaction mixture were measured by 
HPLC using a Toyo Soda LS-ASO-NHg column with 70/30 (v/v) acetonitrile-
water eluent. Equilibrium constants for maltose and isomaltose were 
calculated by using the kinetic parameters obtained for niveus 
glucoamylase from initial rate experiments ; 
[maltose][H„0] 
[isomaltose][HgO] 
^isomaltose , ^  ,2 ^ [glucose] 
According to Adachi and coworkers, the glucoamylases used in their 
study catalyzed the condensation of glucose to maltose and isomaltose 
without formation of other oligosaccharides. Rapid formation of maltose 
and a slower synthesis of isomaltose was observed with the level of 
isomaltose produced much higher than that of maltose. 
Shiraishi et al. (28) applied a relatively simple kinetic model to 
the hydrolysis of starch with condensation of glucose to maltose and 
isomaltose catalyzed by glucoamylase from A. niger. The commercial 
glucoamylase preparation they used reportedly contained some a-glucosidase 
activity. Experiments were carried out at 30°C and pH 4.5 with four 
different initial starch concentrations. Glucose, maltose, and isomaltose, 
the only reaction products, were quantitatively analyzed by HPLC using a 
Toyo Soda LS-45O-NH2 column and 70/30 (v/v) acetonitrile-water mixture as 
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mobile phase. The simulated curves for glucose production agreed well with 
the experimental values, but those of maltose and isomaltose largely 
deviated from the measured concentrations. In addition, experimental data 
fit was dependent on the initial starch concentration. 
There are several discrepancies and shortcomings in the previous work 
on reversion reactions. All of the studies except for Pazur et al. (17, 
24) found maltose in the reaction mixture. Interestingly enough, Pazur 
and coworkers in two independent series of experiments applying different 
enzyme preparations detected nigerose and isomaltose but not maltose as a 
reversion product. The absence of isomaltose in Hehre's experiments (20) 
with maltose as a substrate may well be due to the short incubation time, 
preventing isomaltose from being formed in detectable quantities. 
The research groups who used HPLC as an analytical tool to analyze 
the products of the reversion reactions (22, 25, 27, 28) were handicapped 
for two reasons. First, maltose and nigerose cannot be separated from 
each other and very poor resolution of a,B-trehalose, kojibiose, and 
maltose results using 70/30 (v/v) acetonitrile/water eluent (Section I); 
and second, sensitivity of the refractive index detector is not high 
enough to detect the small amounts of kojibiose and a,&-trehalose formed 
during the course of reaction. 
The large variations of reported equilibrium constants probably 
indicated that equilibria had not always been attained, that the enzyme 
may have deactivated during the reaction course, or that the product 
analysis was imprecise. The existence of multiple enzyme forms and 
possibility of transglucosylase contamination could also be a cause of the 
observed discrepancies. 
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Although the previous studies offered evidence of the synthetic 
activity of glucoamylase, the industrial importance of the reversion 
reactions requires a more systematic examination of their kinetics 
and equilibria as well as an adequate general model to describe the forma­
tion of v.arious di- and trisaccharides. 
Therefore, the objectives of this work were to identify glucose 
condensation products and to investigate the effect of pH, temperature, 
and initial substrate concentration on the kinetics of their formation 
using contaminant-free glucoamylase samples. In addition, kinetic 
properties of the two glucoamylase forms were examined and compared. 
Finally, a kinetic model which simulates the formation of various reversion 
products has been proposed and tested. 
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MATERIALS AND METHODS 
Enzyme Source 
Takaralne Diazyme 160 (lot F-4880-U) and a newer Diazyrae preparation 
obtained from Miles Laboratories (Clifton, NJ) were the source of 
glucoamylase. The major glucoamylase forms were separated from each other 
and purified by column chromatography as described in the Appendix. 
Homogeneity of the glucoamylase pools was tested by three electrophoretic 
methods: disc gel electrophoresis, sodium dodecyl sulfate polyacrylamide 
gel electrophoresis, and isoelectric focusing (29). Homogeneity tests were 
performed by Michael M. Meagher. The purified glucoamylase preparations, 
GA lA, GA IB, GA IIA, and GA IIB, exhibited minor heterogeneity, which 
could indicate the presence of minor amounts of other proteins. There 
appeared to be no transglucosylase in any of the samples. Glucoamylase 
forms used in this work were GA lA, from Takamine Diazyme 160, and GA IB 
and GA IIB, both from the newer Diazyme preparation. 
Substrates 
Glucose solutions for the reversion reaction experiments were prepared 
using a-D-glucose (Sigma, St. Louis, MO, lot 74F-0692). Substrate for the 
enzyme activity determination was soluble starch prepared by Small's method 
(30) from Sigma potato starch (lot 41F-0A92). 
Enzyme Assays 
Initial activities of glucoamylase samples were determined by 
incubating 0.01-ml aliquots of the enzyme solution with 2 ml of 2% (w/v) 
soluble starch solution in a 0.05M acetate buffer, pH 4.5, at 55°C. 
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Glucose released from the hydrolytic action of glucoamylase forms on 
starch was measured using an enzymatic glucose analyzer (Beckman 
Instruments, Inc., Fullerton, CA). One unit (1 U) of enzyme activity was 
defined as the amount of enzyme required to release 1 pmol of glucose per 
minute under the conditions of the assay. 
The activity of glucoamylase during the course of condensation 
reaction experiments was measured periodically by taking 0.01-ml or 
0.1-ml samples, diluting them ten times with distilled water, and then 
using 0.01-ml or 0.02-ml aliquots of the resulting solution to determine 
activity as described before. 
Enzyme concentrations were estimated from the UV absorbance of the 
sample at 280 nm using E^qq values reported by Svensson et al. (31). 
Reversion Reaction Experiments 
Reactions were performed in a 5-ml Reacti-Vials (Pierce, 
Rockford, IL) maintained at desired temperatures of 25, 35, or 45°C in a 
water bath. A 60% (w/v) glucose stock solution in a 0.05M acetate buffer, 
pH 3.5, 4.5, or 5.5, was diluted to the desired substrate concentration 
with the enzyme solution. The glucoamylase concentration ranged from 2.5 
mg/ml in the initial rate studies to 5.5 mg/ml in the experiments designed 
to measure the equilibrium concentrations of reversion products. Samples 
from 0.03 ml to 0.1 ml were taken at various time intervals, pipetted into 
0.006 ml to 0.02 ml of 0.2M NaOH to stop the reaction, freeze-dried, and 
then derivatized. Samples designated for disaccharide analysis were 
trimethylsilylated (32) and those to be used for trisaccharides were 
trifluoroacetylated (33). 
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Gas Chromatography 
Derivatized reversion products were analyzed with a Hewlett-Packard 
(Palo Alto, CA) 5890A gas chromatograph coupled to a Hewlett-Packard 
3492A integrator. Trimethylsilyl disaccharides were separated on a 30-m 
long, 0.26 mm i.d. fused silica capillary column (J & W Scientific, 
Rancho Cordova, CA) coated with a O.l-pm film of DB-5 liquid phase. The 
column temperature was held at 217°C for 31 min and then increased to 
250°C at a rate of 10°C/min. Injector and flame ionization detector 
temperatures were 270°C and 280°C, respectively. The carrier gas, helium, 
flowed at an average velocity of 0.24 m/s as measured by methane. Air and 
hydrogen were introduced into the detector at 300 ml/min and 30 ml/min, 
and nitrogen was used as a make-up gas at 30 ml/min. 
Trisaccharides in the reaction mixture were analyzed as trifluoro-
acetyl derivatives on the same column but with a different temperature 
program. The column temperature was held at 180°C for 15 min and then 
increased to 220°C at a rate of 10°C/min. Injector temperature was 240°C 
and the detector temperature was held at 280°C. 
The reversion product concentrations were estimated using sucrose and 
melezitose as internal standards for di- and trisaccharide analysis, 
respectively. These were added during the derivatization procedure as a 
pyridine solution. 
Initial Rate Determination 
Initial rates of di- and trisaccharide formation were determined by 
fitting the experimental data to equation c = At/(1 + Bt) , where c is the 
concentration of the reaction product, t is the time, and A and B are 
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parameters. The parameters A and B were obtained from the best fit of the 
measured concentrations using non-linear regression method, SAS NLIN (SAS 
Institute, Inc., Gary, NC). The first derivative of the fitted data 
calculated at t = 0 gave the desired initial rate estimate. 
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KINETIC MODEL 
The kinetic model to be presented in this section is a modified 
version of the previously derived model (26). The latter accounted only 
for the formation of disaccharides and was based on the assumption that 
the glucoamylase active center is composed of four subsites involved in 
the binding of glucose and various disaccharides. The formation of tri-
saccharides was neglected, mainly due to the inability to identify them 
completely by HPLC and to evaluate their significance in the model. The 
development of the method for trisaccharide analysis (33) made feasible 
the expansion and testing of the model which predicts the glucoamylase-
catalyzed simultaneous production and hydrolysis of various di- and tri-
saccharides. 
Preliminary testing of the four-subsite model and its comparison to 
the models based on the two- and three-subsite binding assumption revealed 
that the four-subsite model is not superior to the three-subsite one. The 
three-subsite model describes accurately the kinetics of di- and tri­
saccharide formation, suggesting that the binding of glucosyl residues at 
the fourth subsite of glucoamylase contributes very little to the overall 
binding energy of substrates with the degree of polymerization (DP) < 4. 
Similarly, the two-subsite model can be applied in the case when no 
significant amounts of trisaccharides are produced by reversion reactions. 
Because di- and trisaccharides were major reversion products, the three-
subsite model was used in this work to simulate their formation. The basic 
steps and assumptions used in the model development will be presented next. 
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The significant binding modes of glucose and di- and trisaccharides 
in the active site of glucoamylase according to the subsite theory can be 
represented by the following nineteen reactions, assuming random order of 
binding: 
^1 
E + G:=±:EG^^ (1) 
S 
E + Gz^EGg (2) 
S 
E + G = EG^ (3) 
EGj^ + G^^z^EG^^Gg (4) 
S 
EG^ + Gl^EG^Gg (5) 
EG^ + D:= EG^Dg (6) 
^1 
EGg + G EG^Gg (7) 
S 
EGg + G EGgG^ (8) 
^1 
EG^ + G= EG^^G^ (9) 
^2 
EGg + Gl^EGgGg (lÛ) 
\ 
EG^ + D =;= ED^Gg (11) 
S 
EG^Gg + G^^iiEG^G^G^ (12) 
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EGgGg + (13) 
EG^Gg + GZ^ZEG^GgGg (14) 
\ 
E + D == ED^ (15) 
% 
E + D EDg (16) 
K] 
ED^ + G^^TED^G^ (17) 
^1 
EDg + G^EG^D2 (18) 
\ 
E + T = ET^ (19) 
Equations (20-22) depict condensation and hydrolysis reactions, which 
were assumed to be rate-limiting: 
c 
EG G ED + W (20) 
\ 
\ 
c 
EG G G=; ED G + W (21) 
\ 
\ • • 
EG. D_ = ET + W (22) 
\ 
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where E, G, and W represent enzyme, glucose, and water molecules. The 
letter D stands for the disaccharides; isomaltose (I), kojibiose (K), 
maltose (M), nigerose (N), and a,g-trehalose (TR), while T stands for 
the trisaccharides isomaltotriose (IT) and panose (P). Subscripts 1, 2, 
and 3 designate the subsite number binding the nonreducing terminus of the 
adsorbed carbohydrate species. The rate equations were derived as before 
(26), applying the following assumptions: 
1. Rapid equilibria occur between the free enzyme or any enzyme-
substrate complex, on one hand, and various substrates, 
2. Equilibrium constants for binding are not affected by species 
already bound to the enzyme, 
3. The intrinsic rate constants and are independent of the 
substrate binding mode and its degree of polymerization, 
4. Condensation and hydrolysis steps are rate-controlling. 
The rates of formation of individual di- and trisaccharides are given 
below: 
dlDi _ k^[E^][W][D])(l - KgtG]) (23) dt (DENOM) 
dm _ (24) dt (DENOM) 
where 
DENOM = 1 + (K^ + Kg + Kg + Z K^^KgtD] + E \^K2[D])[G] + 
(K^Kg + K^Kg + K2K2)[G]2 + K^KgKgfG]^ + Z (1/°K^)[D] + 
Z (1/\)[T] 
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[E^] — total concentration of all enzyme forms 
[G] — concentration of glucose 
[D] — concentration of individual disaccharides, i.e. [I], [K], 
[M], [N], and [TR] 
[T] — concentration of individual trisaccharides, i.e. [IT] and [P] 
K^, Kg, Kg — equilibrium association constants of glucose bound to 
the first, second, and third subsite, respectively 
[EG^] [EG^G.] [EG^GgGg] [EG^D^] 
" [E][G] " [EG^] [G] " [EG^Gj][G] ° [ED^] [G] ' 
i, j = 1,2,3; i f j; k = 1,3; Z = 1,2; k f &) 
^Kg — equilibrium association constants of individual di­
saccharides with nonreducing terminal glucosyl residue 
bound to the first and second subsite, respectively 
D [ED%] [EG DJ 
( = TEiW = IËGJÎDT ' ^ k ^  
T 
Kj^ — equilibrium association constant of individual trisaccharides 
with the nonreducing terminal glucosyl residue bound to the 
T [ETJ 
first subsite ( K^ = |-^j) 
k^, k^ — intrinsic rate constants for condensation and hydrolysis 
k^, k^ — apparent rate constants for condensation and hydrolysis 
\ - \h\ \ =  \ \  
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\ " w 
K — Mlchaelis-Menten constant (K = 1/L K.) 
m tn ^ • 1 
Z — summation for disaccharides 
D 
E — summation for trisaccharides 
T. 
Equilibrium constants of di- and trisaccharides are defined by 
equations (25) and (26); 
^ • %% "" 
Estimation of Kinetic Parameters 
The values of the kinetic parameters in the rate equations can be 
estimated using Michaelis-Menten parameters (V^, K^) for di- and tri­
saccharides, the subsite energy maps, and equilibrium constants calculated 
from the equilibrium concentrations of the reactants. 
Two of the values for association constants of glucose, and K^, 
were calculated from the subsite energy map of glucoamylase (29): 
= (1/[W]^) exp(A^/RT) (27) 
K3 = (1/[W]^) exp(A3/RT) (28) 
where [W]^ is initial water concentration, R is the universal gas constant, 
T is the temperature, and is the subsite affinity, which is defined as 
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the standard free energy change resulting from the specific interaction of 
the glucosyl residue of maltooligosaccharides with the i-th subsite. As 
a first approximation, it was assumed that glucose molecules would interact 
with the first and third subsites like glucosyl residues. 
The study of glucoamylase interaction with glucose by difference 
absorption spectrophotometry (34) revealed that the glucose molecule binds 
preferentially to the second subsite with an association energy of 
approximately 17.6 kJ/mol. Therefore, the association constant parameter 
Kg was calculated as 
Kg = (1/[W]^) exp(17.6/RT) (29) 
The equilibrium binding constants for maltose and isomaltose, 
and were calculated using siibsite affinity values for glucoamylase 
mapped with malto- and isomaltooligosaccharides, respectively (29): 
M i+1 
% - (1/[W]^) exp( H A^/RT) (30) 
i+1 
I = (1/[W] ) exp( 2 B /RT) (31) 
° i % 
where is the standard free energy change of the isomaltooligosaccharide 
glucosyl residue bound in the i-th subsite of the enzyme. 
Values for the association constants of the other disaccharides were 
assumed to be proportional to those of maltose with a factor of 
proportionality equal to the ratio of respective Michaelis-Menten 
constants: 
^ \ (32) 
m 
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\ • ^  \ 
m 
TR^ 
% • sf- \ (34) 
m 
This assumption was tested with Isomaltose association constants, which 
could be estimated exactly using the subslte energy map (29). It appeared 
that good estimates of could be obtained, but values of were less 
precise. The binding of trlsaccharldes at the enzyme active site was 
assumed to occur exclusively In the productive binding mode (3); therefore 
T 
the association constants have the reciprocal value of the 
corresponding Mlchaells-Menten constants (29). 
The apparent third-order rate constants of hydrolysis, k^, were 
estimated using Mlchaells-Menten parameters for hydrolysis of di- and trl­
saccharldes (29) : 
V = \ /(°K *55.5) (35) 
n o m 
V = \ /(\ *55.5) (36) 
h o m 
where k = V /E Is the enzyme molar activity and 55.5 is the molarity of 
o mo 
water. The apparent third-order rate constants of condensation reactions, 
k^, were calculated with the help of equilibrium constants and hydrolysis 
rate constants (k^): 
\ V (37) 
c eq n 
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"k; - 'Xsq'kh (38) 
Substituting for the rate constants and in equations (23) and 
(24) gives the final forms of the differential equations describing the 
rates of formation of various di- and trisaccharides: 
rtrm {(\/\*55.5) \ [E ][G]^ -(\/\*55.5)[E ][W][D]}(1+K [G]) g [fj _ o m eg o o m o j 
dt (DENOM) ^ / 
dill - (\/V5S.5)[EJM[T] 
dt (DENOM) 
This system of ordinary differential equations, in addition to mass 
balances of glucose and water, 
[G] = [G] - 2 Z [D] - 3 Z [T] (41) 
° D T 
[W] = [W] + E [D] + 2 E [T] (42) 
° D T 
where the subscript zero designates initial concentration, was used to 
simulate the formation of the various reversion products. 
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RESULTS AND DISCUSSION 
Eight di-, tri-, and tetrasaccharides, a,g-trehalose, kojibiose, 
nigerose, maltose, isomaltose, panose, isomaltotriose, and isomaltotetraose, 
were products of glucose condensation reactions. With the exception of 
the formation of isomaltotetraose, which was detected only at 40% (w/v) 
initial glucose, the kinetics and equilibria of these reactions were 
further studied at three different levels of initial glucose concentration, 
pH, and temperature. These parameters, as well as the enzyme form and 
substrate concentration used in individual experiments, are summarized in 
Table 1. 
In order to compare the condensation activities of A. niger gluco-
amylase forms GA I and GA II, the initial rates of reversion products were 
measured with both forms (Table 2). However, panose concentration in the 
reaction mixture was below the detection limit of the flame ionization 
detector during the initial stages of reaction, and therefore no initial 
rates of panose formation could be obtained. Similarly, the isomaltotriose 
initial rate at 20% (w/v) glucose was difficult to estimate, and only one 
rate value was obtained. The comparison of the six reversion product 
initial rates at a given substrate concentration indicated that there was 
no statistical difference between enzyme forms, with the exception of 
nigerose formation at 20% (w/v) initial glucose. As was expected from the 
kinetic model, rates of formation increased with initial substrate 
concentration. Maltose formation was the fastest, followed by formation of 
isomaltose, nigerose, isomaltotriose, ot,3-trehalose, and kojibiose. 
Table 1. Reaction conditions for reversion reaction experiments 
Initial glucose pH T Enzyme Total enzyme ^ Use 
concentration (°C) form concentration x 10 
(% w/v) (mM) 
20 4.5 35 lA 98.6 d 
20 4.5 35 IB 40.7 a 
20 4.5 35 IIB 48.2 a 
30 4.5 35 lA 72.6 f 
30 4.5 35 IB 40.0 a,b,c,d,e,f 
30 4.5 35 IIB 47.3 a 
40 4.5 35 lA 85.0 d 
40 4.5 35 IB 30.9 a 
40 4.5 35 IIB 31.6 a 
30 3.5 35 IB 40.0 b,e 
30 5.5 35 IB 35.6 b,e 
30 4.5 25 IB 69.8 f 
30 4.5 45 lA 72.7 f 
^Initial rates at varying glucose çoncentrations. 
^Initial rates at varying pHs. 
^Initial rates at varying temperatures. 
'^Equilibria at varying glucose concentrations. 
^Equilibria at varying pHs. 
^Equilibria at varying temperatures. 
Table 2. Initial rates^ of reversion product formation with both glucoamylase forms at pH 4.5 and 
35°C 
Initial glucose concentration (% w/v) 
Product 20 30 40 
GA IB GA IIB GA IB GA IIB GA IB GA IIB 
ot,B-Trehalose 1.00±0.08^ 1.08+0.12 1.46+0.20 1.25±0.12 1.7110.10 1.6110.17 
Kojibiose 0.44+0.05 0.47+0.05 0.63±0.06 0.55±0.06 0.5510.05 0.5210.08 
Nigerose 3.29±0.30 4.37+0.44 4.80±0.94 3.97+0.72 4.6710.94 4.7510.46 
Maltose^ 3.88±0.97 3.91+0.89 6.05±1.47 4.8910.97 6.2410.84 5.1611.08 
Isomaltose 61.3±12.8 71.6+16.0 70.2±10.6 69.0±10.2 79.917.86 74.416.94 
Isomaltotriose 1.92±0.60 4.09±2.13 3.3711.01 5.3711.35 4.4011.22 
%iol/h*mol enzyme. 
^95% confidence interval. 
^Initial rate x 10 
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Table 3. Relative initial rates^ of reversion product formation at pH 
4.5 and 35°C 
Initial glucose concentration (% w/v) 
Product 20 30 40 
GA IB GA IIB GA IB GA IIB GA IB GA IIB 
cx, 3-Trehalose 0.026 0.028 0.024 0. 026 0, 027 0.031 
KojIblose 0.011 0.012 0.010 0. Oil 0. 009 0.010 
Nigerose 0.083 0.11 0.079 0. 081 0. 075 0.092 
Maltose 100 100 100 100 100 100 
Isomaltose 1.6 1.8 1.2 1. 4 1. 3 1.4 
Isomaltotriose 0.049 — — 0.068 0. 069 0. 086 0.085 
^Based on maltose rate as 100. 
To eliminate the effect of glucose concentration on the initial rates 
and to allow their comparison among the three levels, relative initial 
rates with respect to maltose were calculated (Table 3). Individual 
initial relative rates of a,3-trehalose, kojlbiose, nigerose, and Iso-
maltose formation varied little with glucose concentration or enzyme form. 
Isomaltotriose relative rate changed with initial substrate concentration 
because its rate of formation has a higher glucose dependence than those 
characteristic of disaccharldes. Nevertheless, initial isomaltotriose 
formation rates were the same for the two enzyme forms at either 30% and 
40% (w/v) initial glucose. Since initial rate studies revealed no 
difference between the two forms in their ability to catalyze the formation 
of the reversion products, only GA I was further employed in this work. 
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Equilibrium constant values of the individual condensation products 
were estimated by equations 25 and 26. The glucose concentration in 
these equations was corrected for the nonideal behavior of concentrated 
glucose solutions using the activity coefficients of Bonner and Breazeale 
(35). The following activity coefficients of glucose solutions measured 
at 37°C were used in this work: "^20^° ~ = 1.037, and 
Y^0% ~ 1.061. The activity coefficients for the other reactants were 
assumed to be unity. The formation of panose in 20% (w/v) glucose could 
not be detected because the detector was not sufficiently sensitive. 
Equilibrium of kojibiose in 30% initial glucose employing GA IB was not 
achieved during the 15-day incubation beqause of the low enzyme concentra­
tion used. That experiment was designed primarily for determination of 
initial rates (Table 1) and it was added to Table 4 for comparative 
purposes. Good agreement of disaccharide equilibrium values at varying 
initial glucose concentrations was obtained (Table 4). The isomaltotriose 
equilibrium value at 20% glucose was somewhat lower than the three values 
at higher initial glucose concentrations. In addition, equilibrium 
constants for panose were all higher than expected. According to the 
definition of the equilibrium constant for a trisaccharide (eq. 26), 
isomaltotriose and panose should have the same equilibrium constant value 
as isomaltose because all three constants are for a-l,6-glucosidic bond 
formation. The experiments performed in 30% (w/v) initial glucose solution 
at various pHs using GA IB gave similar equilibrium constant values (Table 
5) as those at varying initial glucose concentration. The kojibiose 
equilibrium was not reached in any experiment with GA IB. The large 
scatter of panose equilibrium constant values was due to the very small 
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Table 4. Equilibrium constants for condensation reactions at pH 4.5 and 
35"C at varying initial glucose concentration 
Initial glucose concentration (% w/v) 
Product 20 30 40 
GA lA GA lA GA IB GA lA 
a,6-Trehalose 0.094 0.085 0.082 0.086 
Kojibiose 0.23 0.20 — 0.22 
Nigerose 0.19 0.18 0.18 0.19 
Maltose 0.096 0.091 0.093 0.096 
Isomaltose 2.6 2.4 2.2 2.5 
Panose 4.4' 3.5 4.4 
Isomaltotriose 1.6 2.5 2.5 2.9 
Table 5. Equilibrium constants at 35°C with GA IB in 30% (w/v) initial 
glucose at varying pH 
Product 
pH 
3.5 4.5 5.5 
a,6-Trehalose 0.078 0.082 0.081 
Koj ibiose —— ——— 
Nigerose 0.19 0.18 0.19 
Maltose 0.093 0.093 0.092 
Isomaltose 2.1 2.2 2.1 
Panose 2.4 3.5 2.7 
Isomaltotriose 2,2 2.5 2.2 
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amounts of the latter present in the reversion reaction mixture, which led 
to the imprecise integration of its chromatographic peaks. 
The effect of the initial glucose concentration on the equilibrium 
concentration of reversion products is illustrated in Figure 1. The 
equilibrium concentrations at 30% and 40% (w/v) Initial glucose decreased 
in the order isomaltose, isomaltotriose, kojibiose, nigerose, maltose, 
a,P-trehalose, and panose. At 20% glucose the order was somewhat 
different: isomaltose, kojibiose, nigerose, isomaltotriose, maltose, 
a,3-trehalose, and panose, with isomaltotriose being found in lower 
relative concentration because of the third-order dependence of its 
equilibrium concentration on glucose concentration. The observed increase 
of the equilibrium concentrations of condensation products with the 
increase of the initial glucose concentration has an important industrial 
implication, in that an increase of solids concentration in the 
saccharification stage of starch hydrolysis leads to progressively greater 
losses of glucose yield, mainly due to isomaltose and isomaltotriose 
accumulation. 
The effect of temperature on the equilibrium constants was also 
investigated, and the results are presented in Table 6. The equilibrium 
constants appeared to be virtually temperature-independent over a 20°C 
temperature interval. This observation agrees well with that of Roels and 
van Tilburg (25), who found no difference in the equilibrium constant 
values of maltose and isomaltose between.45® and 65°C. This suggests that 
the standard enthalpy change (AH°) has a small value and therefore that the 
standard entropy change (AS®) mainly determines the value of the standard 
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Fig. 1. Effect of initial glucose concentration on equilibrium 
concentrations of reversion products 
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Table 6. Equilibrium constants at pH 4.5 and 30% (w/v) 
at varying temperatures 
initial glucose 
Product 
25°C 35*C 45°C 
GA IB GA lA GA IB GA lA 
oi,g-Trehalose 0.071 0.085 0.082 0.081 
Kojibiose 0.17 0.20 — — —  0.19 
Nigerose 0.16 0.18 0.18 0.17 
Maltose 0.080 0.091 0.093 0.090 
Isomaltose 2.1 2.4 2.2 1.9 
Panose 3.2 4.4 3.5 2.6 
Isomaltotriose 2.6 2.5 2.5 2.1 
free energy change (AG*) and the equilibrium constant (In = -AH°/RT + 
AS°/R). Calorimetric measurements of glucoamylase-catalyzed hydrolysis 
of maltose and isomaltose gave standard enthalpy changes of -262 and +310 
J/mol, respectively (36, 37). These values confirm our conclusion 
regarding the small enthalpy changes for condensation reactions. 
The effect of pH on reversion product formation was investigated at 
35®C employing GA IB (Table 7). The initial rates of individual products 
were expressed per unit of enzyme activity, where the enzyme activity was 
determined as described in Material and Methods. Glucoamylase has lower 
activities for starch hydrolysis at pH 3.5 and 5.5 than at pH 4.5, and 
therefore a normalization of the initial rates by hydrolysis activity 
enables their comparison. The same condensation products were formed at 
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Table 7. Effect of pH on 
at 35°C with GA 
initial rates^ 
IB in 30% (w/v) 
of reversion product formation 
initial glucose 
Product 
pH 
3.5 4.5 5.5 
a,g-Trehalose 1.86+0.28^ 1.69+0.23 1.44±0.12 
Ko j ibiose 0.86±0.07 0.73±0.07 0.58+0.08 
Nigerose 5.48±0.80 5.54+1.08 3.86±0.35 
Maltose^ 5.54+1.66 6.98+1.70 3.19±0.65 
Isomaltose 84.0+10.5 81.0±12.3 59.4+5.47 
Isomaltotriose 4.48+1.28 4.72±2.46 3.44±0.94 
^Initial rate x 10^ (mmol/h-U). 
^95% confidence interval. 
"^Initial rate x 10^ (mmol/h*U). 
3.5 and 5.5 as at pH 4.5. The relative rates of oligosaccharide production 
did not vary significantly between pH 3.5 and 4.5, but were lower at pH 
5.5. 
Although the temperature dependence of reversion product formation was 
not measured directly, the effect of temperature on apparent condensation 
constants (k/) was obtained applying equations 35-38 (Table 8). The values 
of and for hydrolysis reactions at pH 4.5 and 25°, 35°, and 45°C were 
taken from previous work (29). Values of were used to estimate activa­
tion energies of condensation reactions using the Arrhenius relationship 
(Table 9). All activation energies except those of maltose and panose were 
between 60 and 75 kJ/mol. The activation energy for panose formation from 
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Table 8. Temperature dependence of apparent condensation constants^ 
at pH 4.5 
Product 
Temperature (°C) 
25 35 45 
a,3-Trehalose 0.094 0.24 0.53 
Kojlblose 0.056 0.13 0.26 
Nlgerose 0.30 0.75 1.43 
Maltose 360 440 636 
Isomaltose 5.98 19.7 34.4 
Panose 299 631 853 
Isomaltotrlose 45.8 134 310 
^1/min'M^. 
Table 9. Activation energl es of condensation reactions at pH 4.5 
Product (kJ/mol) 
a,3-Trehalose 68.2+2.0^ 
Kojlblose 60.6+2.3 
Nlgerose 61.7±5.0 
Maltose 5.3+1.0 
Isomaltose 69.2±13.2 
Panose 41.5±9.4 
Isomaltotrlose 75.5±3.9 
^Standard deviation. 
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Table 10. Standard free energies of condensation reactions at 35"C 
Reversion Product AG" (j/mol) 
a,g-Trehalose +6300 
Kojibiose +3900 
Nigerose +4200 
Maltose +6000 
Isomaltose -2100 
Panose -2200 to -3800 
Isomaltotriose -2100 
glucose and maltose should have been like those of isomaltose and iso­
maltotriose formation, as it also represents a-l,6-bond synthesis. 
The standard free energy changes of the condensation reactions were 
calculated using the average values of equilibrium constants for 35"C at 
all pHs; they are summarized in Table 10. The free energy values of 
disaccharide formation represent the free energies of synthesis of the 
corresponding a-linkages. The AG'-values for isomaltose, isomaltotriose, 
and panose all give the free energy of synthesis of the a-l,6-bond. A 
free energy range was calculated for panose production because its 
equilibrium constant values vary significantly from run to run and there­
fore were not averaged. The free energy values revealed that only the 
formation of the a-l,6-glucosidic bond is thermodynamically favored. In 
terms of product formation from glucose only two oligosaccharides, 
isomaltose and isomaltotriose, have negative overall free energy changes. 
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The overall free energy change for panose formation from glucose is 
actually the sum of the energies for a-1,4- and a-l,6-bond synthesis: 
AG° = AG° , , + AG" , . = +3900 J/mol 
P a-1,4 a-1,6 
indicating that the formation of panose is not thermodynamically favored 
because of its a-l,4-bond. Similarly, the overall free energy change for 
isomaltotriose is -4200 J/mol. Only the reaction products formed with a 
negative overall free energy change of reaction will accumulate to 
significant levels at equilibrium, as was the case here with isomaltose and 
isomaltotriose. 
The average equilibrium constant of. maltose in this work (0.094) is 
close to that of Hehre et al. (0.08) (20), but has a lower value than the 
constants of Roels and van Tilburg (25) and Adachi et al. (22), both of 
which were 0.28. The average value of isomaltose equilibrium constant 
(2.3) is higher than that of Roels and van Tilburg (1.7) (25) but lower 
than that of Adachi et al. (3.1) (22). 
The observed initial rates and equilibrium concentrations of maltose 
and isomaltose confirmed the findings of others (18-20, 22, 25-28) that 
maltose is produced more rapidly but to a lower level than isomaltose. 
Isomaltose formation was 15-20 times faster than that of nigerose (Table 
3). Therefore, Pazur et al. (24), who reported that nigerose was formed 
more quickly than Isomaltose, evidently observed maltose instead of 
nigerose production. 
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Comparisons of Model Predictions with Experimental Results 
The system of ordinary differential equations (eqs. 39 and 40) was 
numerically solved with the appropriate initial conditions by the Runge-
Kutta-Verner method using the DVERK subroutine (IMSL, Inc., Houston, TX). 
The initial conditions were t = 0; [G] = 1.11, 1.67, or 2.22M; [D] = 0; 
and [T] = 0. The kinetic and equilibrium parameter values at 25°, 35°, and 
45°C that were used are listed in Tables 11-13. The effect of the initial 
glucose concentration on reversion product formation at 35°C and pH 4.5 is 
given in Figures 2 to 8. The comparison of the theoretical curves and 
experimental results shows that the model very closely describes the 
formation of all reversion products at 20% and 30% (w/v) initial glucose. 
The experimentally observed production of kojibiose, isomaltose, iso-
maltotriose, and panose deviated 15% or more from the model values at 40% 
(w/v) glucose. A better prediction was obtained for a,3-trehalose, 
nigerose, and maltose under the same conditions. A possible reason for the 
deviations could be the sampling error in the experiments at 40% glucose. 
Due to the dry substance limit imposed by the silylation procedure, samples 
of 40 and 30 y 1 were taken from the 40% (w/v) reaction mixture for di- and 
trisaccharide analysis, respectively, compared to 60 and 40 #1 or 90 and 60 
Vil for the 30% and 20% (w/v) initial glucose experiments, respectively. 
Variations up to ± 5 pi could have easily occurred during the sampling, 
which amounts to 13 and 17% errors for 40- and 30-)j1 sample sizes, 
respectively. 
Maltose formation was very fast and reached pseudo-equilibrium after 
an incubation of 1 h (Figure 5). The observed equilibrium is that between 
maltose and glucose alone, since the other reversion products had not been 
Table 11. Kinetic and equilibrium parameters of glucoamylase-catalyzed condensation reactions at pH 
4 .5  and  25°C 
Glucose 
a,g-Trehalose 
Kojibiose 
Nigerose 
Maltose 
Isomaltose 
Panose 
Isomaltotriose 
(min 
K, 
(M h (M~^) 
K, 
(M h 
K X 10" 
m 
(M) 
K 
eq 
7.52 
2.50 
3.28 
128 
3.50 
48.2 
11.7 
0.044 
1.46 
1.18 
5.35 
144 
2.08 
101 
83.3 
26.8 
14.1 
11.4 
51.7 
1395 
64.8 . 
0.42 
113 
149 
33.0 
0.55 
24.3 
9.87 
12.0 
0.078 
0.18 
0.17 
0.086 
2.3 
3.4 
2.6 
Table 12. Kinetic and equilibrium parameters of glucoamylase-catalyzed condensation reactions at pH 
4 .5  and  35°C 
Glucose 
a,3-Trehalose 
Kojibiose 
Nigerose 
Maltose 
Isomaltose 
Panose 
Isomaltotriose 
K, K, K X 10" 
m 
K 
eq 
(min"^) (M (M~^) (M-1) (M) 
—— 0.042 21.3 0.38 — —— 
18.2 1.10 9.86 — 120 0.085 
5.15 0.89 7.99 — 149 0.22 
6.94 4.03 36.1 — 33.2 0.19 
300 109 974 — 1.23 0.094 
10.2 1.78 50.0 — 22.4 2.3 
95.6 111 — — 9.00 3.5 
31.8 89.3 — — 11.2 2.3 
Table 13. Kinetic and equilibrium parameters of glucoamylase-catalyzed condensation reactions at pH 
4 . 5  a n d  4 5 ° C  
k  K ,  K -  K _  K  X  1 0 ^  K  
o  1  2  3 m  e q  
(min'l) (M"^) (M~^) (M~^) (M) 
Glucose — 0.042 17.2 0.35 
a,g-Trehalose 48.9 0.84 7.04 146 0.088 
Kojibiose 11.0 0.68 5.71 149 0.20 
Nigerose 19.7 3.08 25.8 37.1 0.19 
Maltose 633 83.2 696 1.74 0.097 
Isomaltose 23.1 1.55 39.1 25.4 2.1 
Panose 139 75.8 — 13.2 2.7 
Isomaltotriose 78.8 95.2 __ 10.5 2.3 
105 
s: 
o 
to 
a: 
ca 
0 80 160 240 320 400 
TIME, h 
2. Experimental values and simulated curves of a,3-trehalose 
formation in glucose solutions catalyzed by GA IB at 35°C 
and pH 4.5 20%; (O, ) 30%; and 
(A, — — —) 40% (w/v) initial glucose 
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Fig. 3. Experimental values and simulated curves of kojibiose 
formation in glucose solutions catalyzed by GA IB at 
35° C and pH 4.5 (O, ) 20%; (O, ) 
30%; and (A, ) 40% (w/v) initial glucose 
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Fig. 4. Experimental values and simulated curves of nigerose 
formation in glucose solutions catalyzed by GA IB at 
350c and pH 4.5 (O, ) 20%; (O, ) 
30%; and (A,—— — —) 40% (w/v) initial glucose 
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Fig. 5. Experimental values and simulated curves of maltose 
formation in glucose solutions catalyzed by GA IB at 35°C 
and pH 4.5 (•,— • — •—) 20%; (O, ) 30%; and 
(A, — — — ) 40% (w/v) initial glucose 
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Fig. 6. Experimental values and simulated curves of isomaltose 
formation in glucose solutions catalyzed by GA IB at 
35^C and pH 4.5 20%; (O, ) 
30%; and (A,— —) 40% (w/v) initial glucose 
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Experimental values and simulated curves of panose formation 
in glucose solutions catalyzed by GA IB at 35°C and pH 4.5 
(D,—"* ' —) 20%; (O, ) 30%; and (A, — ) 
40% (w/v) initial glucose 
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Fig. 8. Experimental values and simulated curves of isomaltotriose 
formation in glucose solutions catalyzed by GA IB at 
350c and pH 4.5 (O, ) 20%; (O, ) 
30%; and (A, ) 40% (w/v) initial glucose 
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formed during this incubation period. With the formation of the other 
condensation products, glucose concentration decreased, which led to a 
decrease of maltose concentration to a new and final equilibrium level. 
Likewise, panose concentration passed through a maximum 
value because of its quick formation from glucose and maltose and 
subsequent hydrolysis as their concentration decreased (Figure 7). 
The comparison of the predicted and experimental values of reversion 
product concentrations at various temperatures is presented in Figures 9 
to 15. The agreement between the model and experimental results is 
excellent except for a,3-trehalose production at 25°C and maltose produc­
tion at 35°C. The underestimation of the maltose equilibrium concentration 
at 35°C (Figure 12) seems to indicate that the maltose quilibrium constant 
should have a higher value than 0.094. For example, a value of 0.100 
results in very good prediction of the early stages of maltose formation 
and much closer prediction of the maltose equilibrium concentration. 
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160 240 
TIME, h 
Fig. 9. Experimental values and simulated curves of a,B-
trehalose formed in 30% (w/v) initial glucose solution 
at pH 4.5 (•, ) 25°C; (#, ) 35°C; 
and (A, ) 45°C 
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Fig.10. Experimental values and simulated curves of kojibiose 
formed in 30% (w/v) initial glucose solution at pH 4.5 
(•,—-• — •—) 25°C; (#, ) 35°C; and 
(A, ) 450c 
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Fig.11. Experimental values and simulated curves of nigerose 
formed in 30% (w/v) initial glucose solution at pH 4.5 
(•, ) 25°C; (#, ) 35°C; and 
(A, ) 45°C 
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Fig. 12. Experimental values and simulated curves of maltose 
formed in 30% (w/v) initial glucose solution at pH 4.5 
(•, ) 25°C; (#, ) 35°C; and (A, ) 
45°C 
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Ex'perlmental values and simulated curves of isomaltose 
formed in 30% (w/v) initial glucose solution at 4.5 (a, ) 250C; (#, )350C; and 
(A,—— — —) 45°C 
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Fig.14. Experimental values and simulated curves of panose 
formed in 30% (w/v) initial glucose solution at pH 4.5 
(•, ) 25°C; (•, ) 35°C; and 
(A, ) 45°C 
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Fig. 15. Experimental values and simulated curves of isomaltotrlose 
formed in 30% (w/v) initial glucose solution at pH 4.5 
(•, ) 25°C; (•, ) 35"C; and 
(A,— -) 45°C 
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CONCLUSIONS 
Reversion product formation catalyzed by A. niger glucoamylase forms 
GA I and GA II has been investigated in this work. Five disaccharides, two 
trisaccharides, and one tetrasaccharide were produced by both enzyme 
forms, and there was no difference in the ability of the two forms to 
catalyze glucose condensation reactions. 
Maltose was formed faster than any other oligosaccharide but its 
equilibrium concentration had the third lowest value. 
Among the trisaccharides, panose and isomaltotriose were formed but 
no maltotriose or isopanose was detected. Therefore, it seems that forma­
tion of higher oligosaccharides (DP>2) is more selective in that only the 
a-l,6-glucosidic bond, the most thermodynamically favored, was synthesized 
in detectable quantities. 
Varying the pH of the reaction mixture did not affect the number of 
products formed but did affect their rates of formation. Rates of forma­
tion of the seven oligosaccharides relative to glucoamylase activity on 
soluble starch did not vary significantly between pH 3.5 and 4.5, but were 
lower at pH 5.5. 
The effect of temperature on equilibrium concentrations and initial 
rates of condensation were also studied. The equilibrium constants were 
virtually temperature-independent over a 20°C temperature interval. Taking 
into consideration Roels and van Tilburg's study (25), it can be concluded 
that disaccharide equilibria are not affected by temperature changes over 
a 40°C Interval. Activation energies for the production of all oligo­
saccharides but maltose and panose were between 60 and 75 kJ/mol; 
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those of maltose and panose were approximately 5 and 40 kJ/mol, 
respectively. 
A kinetic model based on the subsite theory has been proposed. It 
predicted very well the simultaneous formation of the seven oligo­
saccharides at various temperatures and at 20 and 30% initial glucose 
concentration. This model is sufficiently general that it can be used to 
describe the catalytic action of other exo-hydrolyses. 
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APPENDIX 
Glucoamylase Purification 
This section describes the chromatographic procedure for separation 
and purification of glucoamylase forms and their inhibition by acarbose. 
Glucoamylase is an extracellular glycoprotein synthesized by a large 
number of fungi (1). Many species produce multiple forms varying in iso­
electric point (2), molecular weight (3), electrophoretic mobility (4), 
stability (4), and ability to bind and hydrolyze raw starches and branched 
substrates (5-7). The mechanism by which multiple enzyme forms are 
produced is not clear yet, but three possible variants have been suggested. 
Yoshino and Hayashida (8) showed that multiple forms may be generated by a 
stepwise degradation of native glucoamylase with the acid proteases and 
glycosidases present during the course of fungal cultivation and the 
preparation of the enzyme. Their results are supported by other studies 
which presented evidence that the number of glucoamylases and their amounts 
depend on the culture conditions of the fungi (6, 9-11). On the other 
hand, Boel et al. (3) suggested that the two glucoamylase forms from 
A. niger were produced by differential mRNA splicing, while Nunberg et al. 
(12) proposed post-translational processing of A. awamori mRNA as an 
explanation for the appearance of two glucoamylases. 
Among the many fungal glucoamylase producers, commercial preparations 
are currently obtained from Aspergillus and Rhizopus species. Since 
A. niger glucoamylase was employed in this work, separation and purifica­
tion of its major forms will be presented next. 
126 
Glucoamylase chromatography 
Glucoamylase from two different preparations was purified by two 
different methods. All operations were at 4°C unless otherwise specified. 
In the first purification 20 g of Takamine Diazyme 160 (Miles 
Laboratories, Clifton, NJ, Lot F-4880-U) were dissolved in 200 ml distilled 
water, shaken for 30 min, filtered through Whatman #4 filter paper, and 
centrifuged at 10,000 x g for 15 min. The supernatant was treated at room 
temperature with ammonium sulfate to 80% of saturation, centrifuged for 
15 min at 10,000 x g, and the resulting precipitate was redissolved in 
50 ml of 0.025M citrate-phosphate buffer, pH 8.0. The solution was 
desalted by passage through a 600 x 35 mm i.d. Sephadex G-25 column, using 
the same buffer as an eluent with a flow rate of 4 ml/rain. The gluco­
amylase fraction was loaded on a 350 x 35 mm i.d. DEAE-cellulose column 
(Sigma, St. Louis, MO, fine mesh. Lot 71F-0040) and eluted at 1 ml/min with 
a decreasing linear pH gradient as described previously (13). The gluco­
amylase II (GA IIA) pool was collected from the column at volumes from 1965 
ml to 2400 ml (pH 6.4 to pH 6.2), while glucoamylase I (GA lA) eluted from 
3165 ml to 3600 ml (pH 4.3 to pH 3.9). The two pools were each desalted 
by passage at 4 ml/min through the Sephadex G-25 column as described above, 
using a distilled water eluent, and concentrated with an Amicon 402 ultra­
filtration cell under 4 atm pressure to a final volume of 70 ml. The 
GA lA and GA IIA pools were rechromatographed on the DEAE-cellulose column 
following the procedure of Lineback et al. (2). The extent of purification 
and the yield of each step are summarized in Table 1. 
In the second purification, three 0.1 g portions of a Diazyme prepara­
tion donated by Dr. J. K. Shetty of Miles were in turn dissolved in 5 ml of 
Table 1. Purification of glucoamylase forms 
Step of purification Total 
volume 
[ml] 
Protein 
concentr. 
[mg/ml] 
Total 
protein 
[mg] 
Yield 
[%] 
Specific 
activity 
[U/mg] 
Purification 
ratio 
Crude enzyme 
Desalted 
DEAE-chromatography: 
GA I 
GA II 
DEAE-rechromato graphy: 
GA I 
GA II 
123 
114 
435 
435 
605 
420 
12.3 
3.9 
0.72 
0.50 
0.42 
0.36 
1574 
1015 
313 
217 
255 
153 
100 
64.5 
19.9 
13.8 
16.2 
9.7 
7.9 
9.8 
9.8 
12.3 
10.0 
13.4 
1.0 
1.2 
1.2 
1.6 
1.3 
1.7 
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0.025M, pH 8.0 citrate-phosphate buffer or 0.05M, pH 4.5 acetate buffer. 
The resulting solutions were loaded on a 850 x 26 mm i.d. Fractogel (MCB, 
Gibbstown, NJ) TSK HW-55F gel permeation column and eluted at 1 ml/min with 
the same buffers. The pools containing glucoamylase activity were 
concentrated and transferred into 0.025M citrate-phosphate buffer, pH 8.0, 
using an Amicon 402 ultrafiltration cell. The glucoamylase solution, 
containing 0.27 g protein in 20 ml buffer, was loaded onto a Fractogel TSK 
DEAE-650S column and eluted at 1 ml/min with a decreasing linear pH 
gradient. Glucoamylase II (GA IIB) was collected from 3390 to 3600 ml (pH 
5.5 to pH 4.8) and glucoamylase I (GA IB) from 3825 to 3975 ml (pH 4.4 to 
pH 3.8). No other major protein peaks were eluted from the column. 
All four glucoamylase pools were desalted, concentrated by ultra­
filtration, and stored at -20°C. 
Protein and enzyme activity measurements 
Protein elution from chromatographic columns was monitored continuously 
with an ISCO (Instrumentation Specialties Co., Lincoln, NE) Model UA-5 
absorbance monitor measuring the absorbance at 280 nm. Concentrations of 
IV GA I and GA II pools were estimated from the UV absorbance using 
values reported by Svensson et al. (14). 
Maltose-hydrolyzing activity of the eluent fractions was determined 
at pH 4.5 and 35°C. Samples (0.5 ml) of enzyme solution were mixed with 
1.5 ml 4% (w/v) maltose solution in 0.05M acetate buffer. Glucose released 
in the reaction mixture by the enzyme action on maltose was measured using 
a Beckman (Fullerton, CA) enzymatic glucose analyzer. The same procedure 
was used for measuring the activities of glucoamylase pools with previous 
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dilution of the enzyme samples. One unit (1 U) of enzyme activity was 
defined as the amount of enzyme required to release 1 pmol of glucose per 
minute under the conditions of the assay. 
Acarbose inhibition of glucoamylase 
In addition to electrophoretic methods (15), the absence of trans-
glucosylase contamination in the purified samples was determined by the 
method of Shetty and Marshall (16). Their assay is based on the inhibition 
of glucoamylase and transglucosylase activities by acarbose. In their 
study, Shetty and Marshall found that 100% inhibition of glucoamylase 
activity in 10% maltose occurred at 10 yg acarbose per unit of glucoamylase 
activity with no inhibition of transglucosylase activity. Only at 100 yg 
acarbose per unit of glucoamylase did transglucosylase inhibition occur. 
To verify these results, the degree of acarbose inhibition of gluco­
amylase or transglucosylase activity was measured by incubating samples of 
either enzyme with varying amounts of acarbose in 0.025M acetate buffer at 
pH 4.5 for 30 min at 35°C. Following this, an equal volume of 20% maltose 
in the same buffer were added, and the mixture was incubated for an addi­
tional 1 h. Inhibition of glucoamylase or transglucosylase was determined 
by measuring the amount of glucose or panose, respectively, formed with 
HPLC, using a Bio-Rad (Richmond, CA) HPX-42A cation exchange column and 
water eluent at 85°C. Figure 1 shows that 100% glucoamylase inhibition 
can be achieved with only 5% transglucosylase inhibition, essentially 
confirming the results of Shecty and Marshall. 
Transglucosylase activity was measured in the original Diazyme 160 
sample and in GA IB and GA IIA preparations at 3.8 x 10 ^mM acarbose. 
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Fig. 1. Effect of acarbose concentration on inhibition of 
glucoamylase (GA) and transglucosylase (TG) in 
the presence of 10% maltose at 35°C and pH 4.5 
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where glucoamylase activity should be 98% and transglucosylase only 2% 
inhibited. The assay conditions were as listed above. No panose formation 
was observed, even after 14 h. 
Similarly, protein fractions of Diazyme 160 and newer Diazyme prepara­
tions, eluted from the semi-preparative lEF gel segments, were tested for 
transglucosylase activity at 5.4 x 10 ^ mM acarbose. Neither initial 
glucoamylase preparation contained transglucosylase. 
In conclusion, the homogeneity test of the four glucoamylase 
preparations performed by three different methods, disc gel electrophoresis 
(DGE), sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), 
and isoelectrofocusing (lEF), revealed presence of minor contaminating 
proteins, probably fractions of the native enzyme forms. There appeared to 
be no transglucosylase in any of the samples, which is pertinent to this 
work. All further experimental work was conducted with GA lA, GA IB, and 
GA IIB pools. 
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